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Chapter I IwUwauction 
LEUCINE AMIMOPEPTIPASE FROM BOVINE EVE LENS 
PROPERTIES, STRUCTURE A W A COMPARISON WITH PÖRCIME KWNEV 
LEUCINE AMINOPEPTIPASE FROM CVTOSOL 
Leucine aminopeptidase (α-aminoacylpeptide hydrolase (cytosol), ЕС3.4Л1.1) 
from bovine lens tissue was purified in crystalline form by the group of 
Hanson in 19651. The enzyme had many properties in common with leucine amino-
peptidase (LAP)1 isolated from porcine kidney cytosol, the first enzyme of 
this class of metallopeptidase to be studied in detail, bySmith and Spack-
man
2
. Later on the lens enzyme appeared to be almost identical to LAP puri­
fied from pig kidney3»1*»5. The original name leucine ami nopepti dase was at­
tached to the enzyme, because L-leucinamide, in addition to leucine peptides, 
was hydrolyzed, whereas W-acylated substrates were resistant. This name has 
persisted, although it is now clearly recognized that hydrolysis is not res­
tricted to leucyl compounds6. The recommended systematical name is now a-
aminoacylpeptide hydrolase (cytosol). 
The best studied M-terminal metallo-exopeptidase at this moment isLAPfrom 
bovine lens, probably because this tissue contains the enzyme in abundance and 
the purification from bovine lens is rapid and simple. Aminopeptidases (EC 
3.4.11.1) of broad specificity have been isolated and purified from several 
animal organs and have been studied to varying degrees. However, identifica­
tion has been inadequate, because the enzymes have not completely been puri­
fied, and since most tissues contain other proteases, whose specificities 
overlap with that of the aminopeptidases, conclusive comparison is not pos­
sible. 
As already stated, bovine lens LAP is almost identical to the enzyme pur­
ified from pig kidney. Both enzymes have the same molecular weight, the same 
subunit molecular weight, and almost identical amino acid compositions'*. Com­
parison of the two enzymes on basis of microcomplement fixation indicated an 
amino acid sequence difference of 8%5. An enzyme with comparable molecular 
properties has also been isolated from porcine liver7. 
'The abbreviations used are: LAP, leucine aminopeptidase; M
r
, molecular weight. 
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A review on bovine lens leucine aminopeptidase has been published by Hanson 
and Frohne8. LAP hydrolyzes the peptide bond of a l l M-termi nal L-amino acids 
except prol ine and hydroxyproline. I t does not hydrolyze the β- and γ-bonds 
of aspartic acid and glutamic acid, respectively. Furthermore, i t hydrolyzes 
amino acid amides, alkylamides, arylamides and hydrazydes. The N-terminal 
residue must have the L-configuration, and has to possess a free o-amino 
group in the unprotonated form. The enzyme removes hydrophobic and a l iphat ic 
residues most r a p i d l y , whereas some other residues are removed very slowly 3 . 
The exopeptidase a c t i v i t y has a broad pH optimum between 8.5 and 10.0, depend­
ing upon substrate and act ivat ing metal i o n s 3 ' 9 . 
A molecular weight of 326,000 ±20,000 for the native LAP molecule has been 
d e t e r m i n e d 1 0 · 1 1 . Considering th is large s ize, i t was expected to be composed 
of subunits. In the older l i t e r a t u r e Hanson's group claimed, that LAP was 
composed of ten subunits of molecular weight 3 2 , 6 0 0 1 2 · 1 3 . 1 1 * . These results 
were rejected by the group of Carpenter 1 1 . 1 5 . These investigators determined 
an apparent subunit molecular weight of 54,000 f o r LAP, on basis of sediment­
ation equi l ibrium studies in a variety of denaturing solvents, by gel elec­
trophoresis in sodium dodecyl s u l f a t e , and by cross-l inking with dimethyl-
suberimidate followed by electrophoresis. Our results confirmed the l a t t e r 
va lue 1 6 . 
Cross-linking experiments suggest that LAP is composed of six ident ical 
protomers, arranged as a tr imer of dimers 1 5 . Several proposals f o r the quat­
ernary structure have been made on basis of the structure consisting of six 
ident ical subunits. Small angle x-ray scatter ing studies in solut ion were in 
agreement with six subunits arranged in octahedral a r r a y 1 7 . From electron 
microscope data a model of LAP could be described in the form of a twisted 
tr igonal prism or deformed octahedron, assuming the presence of idealized 
spherical subuni ts 1 8 . Electron microscopy of s ingle molecules and of both 
stained and unstained th in sections of crystals could be interpreted as a 
quaternary structure composed of six asymmetric b i l o b a l subunits, arranged 
so that the pr incipal lobes are eclipsed and the minor lobes are staggered 
in a manner s imi lar to that of aspartate carbamoyltransferase 1 9 ' 2 0 » 2 1 . Dif­
f r a c t i o n data of LAP revealed that the enzyme c r y s t a l l i z e s in the hexagonal 
space group Р6з22 with uni t cel l dimensions a=b=132 A and c=122 Â. Two hex-
americ molecules are contained in each uni t c e l l . The asymmetric uni t con-
s is ts of one monomer of molecular weight 54,00022. 
The possible bi lobal structure of LAP as revealed by electron microscopy 
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was further studied by means of ' l i m i t e d p r o t e o l y s i s ' . We investigated the 
p o s s i b i l i t y to separate the lobes by cleavage of the peptide chain, or to 
nick the peptide chain in regions of the molecule, which are organized as 
compact domains. Among the tested enzymes ( t r y p s i n , chymotrypsin, plasmin 
and thrombin) only trypsin was able to produce a cleavage in native LAP, res­
u l t i n g a f t e r denaturation in two fragments of Mr 17,000 and 37,0001 >2Ц. In 
spi te of complete s p l i t t i n g of the bond between argini ne-137 and lys i ne-138, the 
enzyme retai ned a l l of i t s c a t a l y t i c propert ies, due to the f a c t that the LAP ag­
gregate remained i n t a c t . Consequently, the surface topology around the suscept­
i b l e bond is ident ical in a l l subunits7 3»2 1*. I t is possible, that thearginine-137 
lysine-138 bond is located in a connecting regionof the bi lobal s t r u c t u r e , as 
proposed by Taylor 2 0 . 
LAP from bovine lens is a zinc metallopeptidase. At f i r s t Kettmann and 
Hanson25 determined a zinc content of 5.0-7.6 g atom per Mr 3.2 χ IO5. More 
accurate measurements by the group of Carpenter2 6 revealed 12 g atoms of zinc 
per Mr 324,000 ( i . e . two zinc ions per subunit). Thus, the native bovine lens 
enzyme can be represented as fol lows: [(LAP)Zn6Zn6]. The enzyme is activated 
by incubation with e i ther Mg2 + or Mn2*. Carpenter e£ a / 2 6 » 2 7 have demonstrat­
ed that th is is due to the replacement by these metals of one Zn 2 + per sub-
u n i t , located at the act ivat ion s i t e . This act ivat ion with M g 2 + o r M n 2 + y i e l d s 
[(LAP)Zn6Mg6] and [(LAP)Zn6Mn6] . Removal of the Zn 2 + at the other s i t e ( re­
ferred to as the structural s i t e 2 7 ) results in a t o t a l loss of a c t i v i t y , which 
is regained by reconst i tut ion with Z n 2 + , but not with Mg2 + or Mn2 + 2 6 > 2 7 . 
The s p l i t t i n g of the bond between arginine-137 and lysine-138 by l imi ted 
t r y p t i c digestion on native LAP caused an acceleration of the act ivat ion of 
LAP by manganese ions. A possible explanation is that the s p l i t t i n g of th is 
bond by a subtle conformational change f a c i l i t a t e s the exchange of a zinc ion 
in the act ivat ion s i t e by manganese16·21*. 
Accurate determination of the metal binding stoichiometry and of metal ion 
modulation of cytosol porcine kidney LAP, revealed 6 g atoms of zinc per M r 
320,000 (¿.г. native form, designated [(LAP)Zn6--] ). The enzyme activated 
with Mg2+ or Mn2 + retained the same Zn 2 + content as before a c t i v a t i o n . In 
addit ion they acquire approximately 6 mol of act ivat ing metal ion per hexa-
mer. The Mn 2 + - and Mg2 +-activated hog kidney leucine aminopeptidases from cy­
tosol are, therefore, designated as [(LAP)Zn6Mn6] and [(LAP)Zn6Mg6] , resp­
e c t i v e l y 2 8 . The nature of the ion occupying the act ivat ion s i t e in hog k i d ­
ney and bovine lens enzyme has a pronounced e f f e c t on the maximum veloci ty 
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of the reaction and a minor ef fect on the Michaelis constant2 6 ,2 8 . Thedeterm-
inat ion of the internuclear distances between Mn2+ at the act ivat ion s i te in 
bovine lens [(LAP)Zn6Mn6] and the protons of the enzyme-bound competitive i n -
h ib i t o r W-(leucyl)-o-aminobenzenesulfonate revealed that Mn2+ is in close 
proximity to the carbonyl oxygen of peptide substrates, which are bound at the 
act ive s i te of LAP. The act ivat ion s i te can thus be assumed to be part of the 
active s i t e 2 9 . 
I t was also possible to replace both Zn2+ ions by Co2+ ions. Prolonged i n -
cubation of bovine lens [(LAPJZngZng] in the presence of CoCl? yields an ac-
t i ve enzyme in which 2 g atoms of Co2+ per subunit have replaced the Zn2+ 
(-¿.e. designated [(LAP)Co6Co6] . Selective back replacement of the Co2+ ions 
by Zn2+ ions (-¿.e. preparation of [(LAP)Co6Zn6] and [(LAP)Zn6Co6] ) and meas-
urement of the speci f ic a c t i v i t i e s , revealed that the ac t i v i t y was affected 
only when cobalt was substi tuted at the act ivat ion s i t e , and that cobalt sub-
s t i t u t i o n at the structural s i t e had no e f fec t 3 0 . 
Native bovine lens LAP is stable in solut ion for years, i f kept in a re-
f r igera to r at 4 CC. At 65 °C the enzyme solut ion is stable up to 5 min. Lyo-
ph i l i za t ion of enzyme solut ion leads to inac t iva t ion 8 . The enzyme is remark-
ably stable against denaturing agents l i k e urea11 . 
Efforts to design an active s i te-d i rected a f f i n i t y l abe l , which is able to 
mark a nucleophil ic s i t e at the active center, as proposed by Bryce and Rabin31, 
have f a i l e d . The chloromethyl ketones of L-phenylalanine and L-leucine ap-
peared to be competitive and reversible inhibi tors3 2»2 1* . A series of N-leuc-
yl-aminobenzenesulfonylfluoride der ivat ives, which were designated to be an 
act ive s i te-d i rected a f f i n i t y label by analogy to s imi lar compounds that i n -
activated chymotrypsin, even proved to be quite good substrates33 . Reaction 
of the exposed sulfhydryl group with iodoacetamide or p-chloromercuribenzo-
ate has no ef fect on enzyme act iv i ty 2 6» 3 1* . Diisopropyl fluorophosphate, a 
serine protease i nh ib i t o r , also has no ef fect on the ac t i v i t y of LAP8. The 
only amino acid residue which probably part ic ipates in the enzyme mechanism 
is h i s t i d i ne , because modification of h is t id ine residues by di ethyl pyrocarb-
onate affects the enzyme a c t i v i t y 3 5 . The inh ib i t i on of cytosol LAP from porc-
ine kidney by amino acid hydroxamates and related compounds suggests a re-
action mechanism in which a zinc-bound hydroxide ion part icipates in concert-
ed proton transfer processes, while the penta-coordination and charge f i e l d 
at the zinc atom remain unchanged36. 
Although several mechanisms for the action of LAP have been proposed6 >21*>31,36, 
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none has been experimentally confirmed. The interpretat ion of x-ray c r ys ta l -
lographic studies, resul t ing in a proposal for the te r t i a ry and quaternary 
s t ructure, probably w i l l provide better understanding of the mechanism of ac-
t ion on a molecular basis. 
PROPERTIES OF SOME OTHER MAMMALIAN AMIMOPEPTIOASES 
Enzymes with aminopeptidase ac t i v i t y occur ubiquitous in nature. They actual-
ly form a very heterogeneous group of enzymes, d i f fe r ing in molecular weight, 
subunit composition, metal content, spec i f i c i t y and k inet ic propert ies. In 
f ac t , no detectable structural relat ionship exists between lens and porcine 
kidney LAP on the one hand and the other aminopeptidases on the other hand. 
Often the term ' leucine aminopeptidase' is also used in c l i n i ca l practice 
in reference to human serum aminopeptidase a c t i v i t y , because routine assays 
usually are performed with L-leucinamide or chromogenic substrates such as 
L-leucine-B-naphthylamide. This ac t i v i t y actual ly is a group of several non-
speci f ic aminopeptidases which are chromatographically separable. At leas t , 
f i ve closely related alanine aminopeptidases of th is ' leucine aminopeptidase' 
type are dist ingui s hable inhuman blood on basis of theire lectrophoret ic or chrom-
atographic behavour37. Alanine aminopeptidase hydrolyzes maximally when a la-
nine is the N-termi nal amino acid residue of peptides, and likewise alanine 
amides and certain chromogenic alanine substrates. Other amino acids with 
nonpolar R-groups, e.g. L-leucine, are also hydrolyzedat asigm'f icant ra te 3 8 . 
The tissues of o r i g i n of some of these alanine aminopeptidases havebeen es-
tabl ished; one is from l i v e r , one from kidney, another from duodenum, and two 
are from pancreas39. 
These alanine aminopeptidases are membrane-bound enzymes. Two enzymes of 
th is group have been pur i f ied to homogeneity, a f ter so lub i l i z ing the ac t i v -
i t y by autolysis. Substantial evidence is available indicat ing that alanine 
aminopeptidase from human l i ve r is i den t i ca l , or nearly so, to alanine amino-
peptidase from human kidney. Both are glycoproteins of Mr +240,000 and are 
composed of two subunits of equal molecular weight (118,000). The enzymes 
contain one zinc ion per subunit and have nearly equivalent amino acid com-
posi t i ons1*0 i1*1. Another molecular form of human l i ve r alanine aminopeptidase, 
wi th Mr 170,000, was obtained by bromelain treatment during pur i f icat ion 1* 2 . 
A membrane-bound alanine aminopeptidase was also pur i f ied from human in tes t -
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The mechanism of attachment to the membranes of aminopeptidases has been 
studied in the pig and rabbit brush borders of i n t e s t i n a l and renal c e l l s . A 
survey of the m i c r o v i l l a r peptidases has been given by Kenney and Booth1*1'. 
Pig in test ina l aminopeptidase N (EC 3.4.11.2) is act ive on N-terminal neutral 
and basic amino acids in neutral peptides and synthetic der ivat ives, amino-
peptidase A (EC 3.4.11.7) on N-terminal acidic amino acids in peptides and 
synthetic derivat ives. The in test ina l aminopeptidases N and A are transmem­
brane proteins composed of a hydrophi l ic, sugar-rich and enzymatically active 
'head' protruding from the external surface of the membrane, and of a short , 
predominantly hydrophobic 'anchor' spanning the l i p i d core1*5»1*6. 
These enzymes can be p u r i f i e d , y ie ld ing a detergent- or a protease form, 
with and without the hydrophobic anchor peptide, respectively 1 * 5 »^ 7 » 4 8 . The 
hydrophobic anchor sequence is situated in the N-termi nal part of the poly­
peptide chain. The molecular weights of the anchor l iberated by t rypsin dur­
ing the conversion of the detergent form into the protease form have been es­
timated to be about 3500-3700 in case of ami nopepti dase Ν1*7 and 4500 in case 
of aminopeptidase АЦ 6. The detergent form of rabbi t intest ina l aminopeptid-
ase N looses a peptide of M r 3800 during conversion to the hydrophil icform 1 * 9 . 
The N-terminal sequence (14 residues) of the anchor of the rabbit enzyme has 
been determined, and comparison with the amino acid composition suggests, 
that the anchor peptide is composed of a hydrophobic core of about 20 r e s i ­
dues, sandwiched between a posi t ive ly charged N-terminal segment of 4 r e s i ­
dues and a C-terminal hydrophil ic segment, probably cut o f f from the hydro­
p h i l i c domain of the enzyme during the l imi ted proteolysis leading to the 
protease f o r m 5 0 . 
The hydrophil ic part of porcine aminopeptidase N has a molecular weight of 
280,000, and has been found to contain three subunits, of Mr 130,000 (a-
chain), 97,000 (ß-chain) and 49,000 (γ-chain). The carbohydrate content is23% 
and two atoms of zinc are bound per molecule. The amphiphilic form displayed 
s imi lar polypeptide molecular weights, indicat ing that the conversion from 
detergent to protease form involves the removal of a small hydrophobic part 
of the molecule5 1. When the enzyme was p u r i f i e d without exposure to pancreat­
ic proteolyt ic enzymes, a dimeric form could be i s o l a t e d , consisting of two 
subunits a 5 2 . The β- and v-subunits are derived from the α-chain, and both 
detergent a-subunit and detergent B-polypeptide contain an anchor peptide. 
The p u r i f i e d form occurs in subunit structures which can be described as αβγ 
-14-





The rabbit aminopeptidase N (M r 200,000-220,000 in the detergent form) was 
found to be monomeric a f t e r s o l u b i l i z a t i o n from the membrane1*9. Aminopeptid-
ase A from hog in test ina l brush border has a molecular weight of 247,000 and 
a subunit of M r 120,000. The detergent and protease form are probably sym­
metrical dimers and each subunit of the dimer possesses i t s own anchor1*6. The 
brush border aminopeptidases are l i k e a l l other proteins synthesized inside 
the c e l l . Therefore, a post-translat ional i n t r a c e l l u l a r processing must take 
place ensuring the passage of the external protein domains across the l i p i d 
bi layer and t h e i r integrat ion at the proper p l a c e 5 3 . Recently, a hypothesis 
f o r the processing of rabbit brush border aminopeptidase N has been proposed 
on basis of the f a c i l i t a t e d assembly to the microsomal membrane caused by a 
posi t ive ly charged lysine residue near the beginning of the sequence ( lysine 
posit ion 4) j u s t before an uninterrupted stretch of hydrophobic amino a c i d s 5 0 . 
The membrane-bound aminopeptidases are a model system for studying the 
mode of insert ion of i n t r i n s i c membrane proteins, and belong together with 
leucine aminopeptidase to the most extensively studied exopeptidases. 
SOME ASPECTS OF THE PH/SI0L0GICAL RULE OF LEUCINE AMINOPEPTIPASE IN 
INTRACELLULAR PROTEIN BREAKDOWN IN MAMMALIAN CELLS 
Since LAP probably is involved in the processes of i n t r a c e l l u l a r protein 
breakdown, some recent f indings on i n t r a c e l l u l a r proteolysis in mammalian 
ce l ls w i l l b r i e f l y be d i s c u s s e d 5 4 ' 5 5 ' 5 6 . I n t r a c e l l u l a r proteolysis serves a 
number of physiological ly important functions. For example, membrane-associat­
ed enzymes are important in the processing of secreted p r o t e i n s 5 7 , while lys­
osomal cathepsinsappear to be responsible f o r degrading pinocyted and mem­
brane p r o t e i n s 5 5 » 5 8 , and f o r accelerated degradation of i n t r a c e l l u l a r prot­
eins during s t a r v a t i o n 5 5 » 5 9 . In addi t ion, w i t h i n the cytoplasm of mammalian 
c e l l s , there is a soluble ATP-dependent proteolyt ic system, that select ively 
degrades polypeptides with abnormal structures, such as may resul t from muta­
t i o n s , biosynthetic e r r o r s , or post-synthetic damage5 5»6 0»6 1. 
Most available evidence indicates that also degradation of short- l ived 
c e l l u l a r proteins is nonlysosomal in nature 5 5 . The s i t e of degradation of 
long-lived c e l l u l a r proteins remains unclear. Cel lular components can be se­
questered into autophagic vacuoles where they are degraded by lysosomal en-
- 1 5 -
zymes62; proteins can also be broken down by the ATP-requiring proteolyt ic 
system present in the cytosol . I t is possible, that the same proteins under 
d i f fe ren t conditions are degraded by d i f fe ren t pathways55. In spi te of the 
importance of the soluble degradation pathway, only recently e f for ts havebeen 
made to isolate and characterize the enzymes, which may be involved. ThisATP-
dependent nonlysosomal process has been studied most extensively in re t i cu lo -
cytes5 5 . 
In ret iculocyte extracts proteins are degraded completely to amino acids. 
This process shows an optimum at pH 7.860 and must involve mul t i pi e proteases, 
since i t is inh ib i ted by diisopropyl fluorophosphate63 (an inh ib i to r of ser-
ine endoproteases), o-phenanthroline60 (a chelating agent that inh ib i ts met-
al lo-enzymes) , and bestat in6 4 (which binds to the active s i te of aminopeptid-
ases). A serine protease with ewdopeptidase a c t i v i t y , which is stimulated by 
ATP, has been found in ret iculocytes and other mammalian ce l l s 6 5 . This enzyme 
may catalyze the i n i t i a l cleavage of substrates, and the products of this 
serine protease are polypeptides ( M r ^ 2000), which are presumably degraded 
by soluble proteases sensit ive to o-phenanthroline or bestat in. Alkal ine 
proteases in the cytosol of mammalian c e l l s , including erythrocytes, are able 
to degrade these polypeptides of M r > 2000-3500. A high molecular weight met-
alloendoprotease with these substrate properties has been pur i f ied to homo-
geneity from d i f fe rent mammalian ce l l s . The products of degradation by th is 
protease are proper substrates for aminopeptidases such as leucine aminopep-
t idase 6 3 . 
Recent studies have shown that the substrates for proteolysis ( for i n -
stance abnormal proteins) in ret iculocytes and in Ehrl ich ascites cel ls f i r s t 
become conjugated to ub iqu i t i n , a small Mr 8500, heat-stable polypeptide of 
universal occurrence. Several molecules of ub iqu i t in are bound by isopeptide 
linkages to e-NH2 lysine groups of the substrate5 5»6 6 . The ATP-dependent en-
zyme system that catalyzes th is conjugation has been pur i f ied from re t i cu lo -
c y t e s 6 7 · 6 7 3 . The ubiqui t in-prote in conjugates are degraded rapidly with the 
release of free and reu t i l i zab le ub iqu i t i n 5 5 . Studies of the proteolysis 
during maturation of ret iculocytes in to erythrocytes showed that the ATP-
dependent proteolyt ic a c t i v i t y was found to decrease dramatically with r e t i -
culocyte maturation as well as during fur ther aging of the erythrocytes. The 
ATP-dependent proteolysis remained un t i l most of the ribosomes were degraded 
and the degradation of ret iculocyte proteins associated with cel l maturation 
probably was catalyzed by th is ATP-dependent system68»69. 
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It has also been reported that bestatin causes accumulation of di- and tri-
peptide intermediates during the breakdown of cellular proteins in mouse liv-
er. The authors argue that autophagy is responsible for all or most of the 
accumulated intermediates and that, at least, a large fraction of those found 
in the cytosol escaped from the organelles62. Cytosolic exopeptidases, in-
cluding leucine aminopeptidase will be able to digest these di- and tripep-
tides. 
In summary: in most mammalian cells the cytosolic intracellular protein 
breakdown seems to proceed in three steps: 
1. a proteolytic attack by one or more ewdopeptidases, resulting in polypep-
tides of M r > 2000 
2. hydrolysis of these peptides to di- and tripeptides by another class of 
endcpeptidases 
3. hydrolysis to free amino acids by exopeptidases, in which leucine amino-
peptidase is likely to be involved. 
The latter system is also capable of hydrolyzing peptides, which escape from 
organelles. 
PATA CÛNCERNWG INTRACELLULAR PROTEOLYSIS IN THE LENS ANP 
A POSSIBLE ROLE OF LEUCINE AMINOPEPTIPASE IN THIS MECHANISM 
The mechanisms of intracellular breakdown of proteins in the eye lens are 
still quite obscure, albeit in recent years some new aspects of proteolysis 
in the eye lens have been published. 
Histological studies have shown the presence of lysosomes in the bovine 
lens epithelial cells70. The outer cortical region also contains some lyso-
somal structures, but the inner cortex and nucleus are devoid of these organ-
elles71. In the bovine lens a low activity of the lysosomal exopeptidase di-
peptidyl peptidase II (EC 3.4.14.2) has been recognized72. The release of 
lysosomal cathepsinswith acid pH optima is not known in the lens. Extracts 
of lenses from various species seem to lack the predominance of activity at 
acid pH values seen in most tissues73. 
in vl&io studies show a definite autolysis of lens proteins from various 
species at a pH optimum around neutrality. Both high temperatures and pro-
longed incubation are required before this activity can be demonstrated71*. 
From bovine lens the neutral proteinase has been partly purified, and it is 
-17-
suggested that th is enzyme might account for the ent i re endopeptidase a c t i v i -
ty of the lens7 5 . The rates of hydrolysis by the bovine lens neutral protein-
ase have been measured with bovine c r y s t a l l i n f ract ions as substrates. The 
ßL-crysta l l in f rac t ion was hydrolyzed at the highest ra te , followed in de-
creasing order by a- and ß H -c rys ta l l in . γ - C r y s t a l l i n was not hydrolyzed at 
a l l 7 6 . A s imi lar neutral proteinase has been found in the human lens. In the 
human lens the a c t i v i t y of the neutral protease was only 25% of that determ­
ined in bovine l e n s 7 7 . 
Recently the hypothesis was put forward, that a var iety of proteinases ex­
i s t in lens t issue, but that t h e i r a c t i v i t i e s are normally control led by spec­
i f i c i n h i b i t o r s 7 8 » 7 9 » 8 0 . The group of Ortwerth was able to determine trypsin 
i n h i b i t o r y a c t i v i t y in the bovine and rabbit lens. This t rypsin- inhibí tor act iv -
i t y was found almostexclusively in the water-sol ubi e extracts of the cor t ica l 
region of both bovine and rabbit lens, with l i t t l e or no ac t i v i t y in extracts 
of nucleus or capsule. In the cortex extracts of the bovine lens these t ryp-
sin i nh ib i to r ac t i v i t i es were found in protein f ract ions with molecular 
weights of about 300,000 and 20,00078. A comparison between the trypsin i n -
h ib i t o r a c t i v i t i e s of the water-soluble and water-insoluble extracts of sev-
eral zones of the bovine lens revealed that in the periphery of the lens a l l 
the inh ib i to r ac t i v i t y was in the water-soluble f r a c t i o n , whereas towards the 
center of the lens (going to older f ibers) the a c t i v i t y began sh i f t i ng to the 
water-insoluble f rac t ion . Comparable results were obtained from a comparison 
between prenatal , young and adult bovine lenses. Whether the insoluble f rac-
t ion is active ¿n vivo is not c lear8 1 . 
From the Mr 300,000 f ract ion an inh ib i to r was pur i f ied to homogeneity, 
which was ef fect ive in reducing the a c t i v i t y of t r yps in , but complete inhib-
i t i o n was not seen even at high levels of i nh ib i t o r . However, a rapid and com-
plete inh ib i t i on was observed with two endogenous t ryps in - l i ke proteinases 
isolated from the a -c rys ta l l i n region f rac t ion of bovine lens 7 9 . The trypsin 
i nh ib i to r a c t i v i t y of bovine lens extracts could be completely inactivated 
¿n ііло by i r r a d i a t i o n with long wavelength u l t r a v i o l e t l i g h t of the ex­
t r a c t s . This loss of trypsin i n h i b i t o r a c t i v i t y was accompanied by a break­
down of lens p r o t e i n s 8 0 . 
In normal bovine and human water-soluble lens extracts the absence of these 
trypsin i n h i b i t o r s in the lens nucleus can be correlated with the presence of 
t r y p s i n - l i k e proteolyt ic a c t i v i t y . In the c o r t i c a l water-soluble extracts of 
bovine lenses t r y p s i n - l i k e a c t i v i t y could, however, be detected a f t e r a pre-
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incubated period of 10-25 h at 34 0C in the presence of NaCl and MgCl 2 8 2 . De­
termination of the t r y p s i n - l i k e a c t i v i t y a f t e r act ivat ion in several zones of 
the bovine lens revealed that the tota l amount of enzyme a c t i v i t y gradually 
decreased from the lens outer cortex towards the lens nucleus. The capsule-
epithelium and outer cortex had the highest specif ic a c t i v i t y . Separation of 
the t ryps in- l ike a c t i v i t y on basis of size followed by act ivat ion revealed 
three molecular weight classes: 2.5 χ IO1*, 6-7x10'* and 7-9 χ IO5. From the 
class of Mr 7-9 x l O 5 , which comigrated with the a - c r y s t a l l i n f r a c t i o n , a low 
molecular weight proteinase was released a f t e r the act ivat ion period and 
cleavage of a - c r y s t a l l i n polypeptide chains was observed. The results suggest 
the release of proteinase a c t i v i t y from a complex between a t r y p s i n - l i k e en­
zyme and the endogenous lens i n h i b i t o r 8 3 . 
Bovine lens does not contain carboxypeptidases, but possesses a high ac­
t i v i t y of aminopeptidases7 7»8 4. The major port ion of th is a c t i v i t y in human 
and bovine lens is probably a t t r i b u t a b l e to leucine aminopeptidase (EC 
3.4.11.1), but also other aminopeptidases are present. Obvious candidates i n ­
clude alanine aminopeptidase (EC 3.4.11.14) and aminopeptidase В (EC 
3 . 4 . 1 1 . 6 ) 7 2 > 8 5 . Determination of the aminopeptidase a c t i v i t y in several zones 
of the bovine lens revealed that these enzymes are found in a l l layers of the 
cortex and the nucleus, but not in the epithel ium. From the outer cortex t o ­
wards the nucleus a gradual decrease in enzyme a c t i v i t y is seen 8 6 . This ac­
t i v i t y has been ascribed to leucine aminopeptidase, but in view of the f a c t 
that also other aminopeptidases are p r e s e n t 7 2 » 8 5 , i t seems better to speak 
about the t o t a l aminopeptidase a c t i v i t y . 
On basis of a c t i v i t y measurements i t was concluded that very l i t t l e amino-
peptidase a c t i v i t y ( including leucine aminopeptidase a c t i v i t y ) was present in 
the human lens, when compared to ca l f lenses 7 2 » 7 3 . A recent study, which used 
micro-complement f i x a t i o n t e s t s , indicated that the concentration of LAP in 
aged human lenses is s imi lar to that found in c a l f lenses. I t is possible 
that the r e l a t i v e l y low level of aminopeptidase a c t i v i t y observed in human 
lens homogenates is due to an age-related inact ivat ion or degradation of LAP 
in human lenses, because only lenses from adult or elderly people were used 8 7 . 
There is no evidence f o r a d i rect exopeptidase a c t i v i t y of leucine amino-
peptidase on lens c r y s t a l l i n fract ions ¿n 14ло, even in the case of the γ-
c r y s t a l l i n s , which are non-acetylated 8 8 . Lens proteins const i tute a very 
stable protein population. Ample evidence is available which supports a very 
slow protein turnover in lens as compared to other t i s s u e s 8 9 » 9 0 . Shortened 
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α-crystaTl in polypeptide chains, however, have been described. The proportion 
of the shortened chains increases from cortex to nucleus, suggesting an age-
dependent process since no protein synthesis takes place any more in the i n ­
ner cortex and the nucleus 9 1 . I t has been proposed that the observed chains 
are the resul t of non-enzymatic breakage of chemically l a b i l e bonds 9 1 » 9 2 . I t 
has been postulated from studies on the quaternary structure of bovine en-
c r y s t a l l i n e , by l i m i t e d proteolysis, that the susceptible bonds are surface-
exposed or become exposed as a result of age-related changes in secondary or 
t e r t i a r y s t r u c t u r e 9 3 . The proteinases, activated by the el imination of inhib­
i t o r s as already described a b o v e 7 8 ' 7 9 ' 8 0 , might be able to nick these suscep­
t i b l e bonds. Anyhow, the peptide products of such degradations may well be 
broken down by the action of aminopeptidases (a.o. LAP), since these o l igo­
peptides could not be detected 9 2 . Moreover, the C-terminal peptide of the aA-
chain, cleaved by t rypsin -in vWio, remains non-covalently bound to the a-
c r y s t a l l i n aggregate, but is nevertheless part ly hydrolyzed by leucine amino-
peptidase 9 3 . 
Although the reasons f o r the abundance of leucine aminopeptidase in bovine 
lens as well as i t s role in the i n t r a c e l l u l a r protein degradation are s t i l l 
largely unclear, some relevant remarks can be made: 
1. the high a c t i v i t i e s of aminopeptidases, of which the major portion is 
leucine aminopeptidase, and of activated t r y p s i n - l i k e proteases in the 
outer cortex, in comparison with other zones, point to a role in the i n ­
t r a c e l l u l a r breakdown of the protein-synthesizing apparatus 8 3 ' 8 6 
2. because native c r y s t a l l i n fract ions are poor substrates in u¿t*o8 8 , i t is 
l i k e l y that the normal substrates In υ-ίνο are shorter peptides, resul t ing 
from endogenous endopeptidase d i g e s t i o n 7 5 . This can be compared with the 
role of aminopeptidases in i n t r a c e l l u l a r proteolysis as described for 
other mammalian c e l l s ' * ' * > 5 ' , » 5 5 ^ б 2 ^ 6 3 . 
AIM OF THE PRESENT INl/CSTIGATION 
While the structure and reaction mechanism of many proteolyt ic enzymes are 
now known in d e t a i l , the aminopeptidases represent a class of enzymes s t i l l 
poorly understood. No x-ray structural analysis and no complete primary 
structure determination had hi therto been reported for any of the aminopep­
tidases. We have, therefore, undertaken an invest igat ion of the primary struc-
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ture of leucine aminopeptidase from bovine lens. The results of this invest-
igation were obtained in close cooperation with Dr L.A.H, van Loon-Klaassen 
and have partly been described in her thesis, previously submitted to the 
University of Nijmegen21*. 
In Chapter II the complete amino acid sequence of the polypeptide chain of 
leucine aminopeptidase is presented. 
Chapter III describes the determination of the reactivity toward iodo-
[2-3H] acetate of the individual sulfhydryl groups in native leucine amino-
peptidase and in the enzyme activated by metal ions. The enzymatic activities 
were determined of the products of Zn24" ion readdition in the apoenzyme and 
the carboxymethylated apoenzyme. The chemical properties are discussed with 
regard to their possible functions in metal ion binding. 
-21-
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THE PRIMARY STRUCTURE OF LEUCINE AMIMOPEPTIPASE FROM BOVINE EVE LENS 
SUMMARY 
The amino acid sequence of bovine eye lens leucine aminopeptidase has been 
determined. Cyanogen bromide fragments, the COOH-terminal hydroxylamine frag­
ment, and a large fragment obtained by digestion with Staphylococci аилгил 
protease were isolated from reduced and S-alkylated leucine aminopeptidase. 
The amino acid sequences of these fragments were determined by automated se­
quence analysis, by manual direct Edman degradation, and by the dansyl-Edman 
technique. Overlapping peptides were obtained by tryptic digestion of the S-
alkylated protein or the citraconylated S-alkylated protein. The polypeptide 
chain of leucine aminopeptidase comprises 478 residues, corresponding to a 
molecular weight of 51,691. No significant sequence homology with any other 
published protein primary structure could be detected. This is the first re­
port of a complete amino acid sequence of an enzyme belonging to the class 
of two-metal peptidases. 
IMTROPUCTION 
Leucine aminopeptidase1 is an exopeptidase catalyzing the hydrolysis of amino 
acids from the NH2 terminus of polypeptide chains, and belongs totheclass of 
aminopeptidases which are widely distributed in nature. Aminopeptidases with 
similar or identical properties have been found in many tissues, including 
lens, kidney, pancreas, muscle, and liver1. Among these, leucine aminopeptid­
ase from bovine lens has been studied most extensively (see review by Hanson 
and Frohne?). Leucine aminopeptidase from bovine lens has a molecular weight 
of 326,OOO3»1* and an isoelectric point of 4.9 ±0.2 3. It consists of six i-
dentical subunits of M
r
 =54,000'*»5. The crystalline enzyme contains two zinc 
'The enzymes used are: leucine aminopeptidase (EC 3.4.11.1), aminopeptidase 
M (EC 3.4.11.2), carboxypeptidase A (EC 3.4.17.1), carboxypeptidase В 
(EC 3.4.17.2), carboxypeptidase С (EC 3.4.17.-), carboxypeptidase Y (EC 
3.4.17.-), chymotrypsin (EC 3.4.21.1), staphylococcal protease (EC 3.4.-.-), 
thermolysin (EC 3.4.24.4), trypsin (EC 3.4.21.4). 
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ions per subunit, one of which can easi ly be replaced by a manganese or mag­
nesium i o n , resul t ing in an increase in peptidase a c t i v i t y 6 ! 7 . 
Electron microscopic investigations of leucine aminopeptidase in solut ion 
showed that the subunits are arranged at the vertices of a d istorted t r i ­
angular pr ism 8 , and electron microscopic investigations of crystals of leucine 
aminopeptidase showed six asymmetric bi lobal subunits arranged in such a way 
that the pr incipal lobes are eclipsed and the minor lobes are staggered9. X-
ray studies revealed that leucine aminopeptidase c r y s t a l l i z e s in the hexagon­
al space group P632Z with unit cel l dimensions a = Ь = 132 A and с = 122 A 1 0 . 
Limited t r y p t i c digestion of leucine ami nopepti dase resulted in speci f ic 
s p l i t t i n g of a single bond, while the leucine aminopeptidase aggregate re­
mained i n t a c t 1 1 > 1 2 . 
Whereas the knowledge of the so-called one-metal peptidases ( f o r instance, 
carboxypeptidases and thermolysin) has increased r a p i d l y , the structure and 
reaction mechanism of the two-metal peptidases, to which class leucine amino-
peptidase belongs, are s t i l l poorly understood1 3. No x-ray structura l ana­
lys is of any of the two-metal peptidases is available as y e t , and no primary 
structure of these enzymes has been published. 
In the present paper, the complete amino acid sequence of the polypeptide 
chain of leucine aminopeptidase is presented. Part of the sequence, namely 
residues 1-171 comprising the N^-terminal cyanogen bromide fragment, has 
been reported in a preliminary communication12. The accompanying paper14 
describes the determination of the tota l number of sulfhydryl groups and 
t h e i r r e a c t i v i t y in the zinc metalloenzyme, in the enzyme activated by Mg 2 + , 
Mn 2 + , and Co 2 + , and the metal-free enzyme. 
-29-
EXPERIMENTAL PROCEOURES2 .3 
R&iutti 
Most of the experimental evidence f o r the p u r i f i c a t i o n of fragments and for 
the determination of amino acid sequences is presented as a supplement imme­
diate ly fol lowing the Discussion.2 
Essential ly pure leucine aminopeptidase was isolated from c a l f lenses by 
the method described. About 150 mg of enzyme was p u r i f i e d rout inely from 800 
lenses. Some preparations showed a minor band of M r=20,000 when analyzed by 
Polyacrylamide gel electrophoresis in the presence of SDS. This p r o t e i n , be­
lieved to be a γ - c r y s t a l l i n f ract ion on the basis of amino acid analysis, 
two-dimensional gel electrophoresis, and determination of the NH?-terminal 
sequence (results not shown), could be removed only with extreme d i f f i c u l t y 
once the enzyme solut ion had been frozen and lyophi l i zed. Pur i f icat ion could, 
however, very simply be achieved by chromatography of the native leucine 
aroinopeptidase solut ion on Ultrogel AcA 34 in 0.1 M Tris-HCl b u f f e r , pH 8.0. 
Pur i f ied enzyme revealed a single homogeneous peak in the ul t racentr i fuge 
(Fig, 1) and gave a single band both on SDS-containing Polyacrylamide gels 
and on acidic urea gels (F ig. 2 ) . The molecular weight of the subunit was 
F-tg. J Se.dme.yLtation velocity analy&Lb ai Izaclnt 
aminop&ptcdaie.. Sedimentation studies were 
performed at 20 0C with native enzyme in 0.1 M Tris-
HCl buffer, pH 8.0, at 64,000 rpm. 
estimated to be 54,000. After act ivat ion by manganese ions, the hydrolyt ic 
a c t i v i t y of the leucine aminopeptidase solut ion was determined. Optimum 
manganese concentration for act ivat ion was 1 mM. Kinetic parameters were de-
2The 'Experimental Procedures' and part of the 'Results' including Figs 5 to 
35 and Tables I I to XLII (see page 69 to 84) are presented as supplement at 
the end of th is chapter. 
3The abbreviations used are: CNBr, cyanogen bromide; HA, hydroxylamine; SDS, 




f ¿д. 2 игсЛлоркокеМ-с апоЛуііл о i ¿meine, amino-
pzptidcae.. A, SDS-polyacrylamide gel elec-
trophoresis of pur i f ied leucine aminopeptidase 
from bovine lens. Lef t : molecular weight marker 
20,000 proteins. Right: pur i f ied leucine aminopeptidase. 
Gels were stained with Coomassie b r i l l i a n t blue. 
12,400 t/HÊt В: acidic urea gel electrophoresis of p u r i f i e d 
leucine aminopeptidase. Gel was stained with a-
mido black. 
A В 
termined using a series of six substrate concentrations ranging from 20 to 100 
mM. The Michaelis constant for the Mn2+-activated leucine aminopeptidase was 
determined to be 29.4 mM and V
m a x
 was 1.35 mmol/min/mg of enzyme. 
The amino acid composition of leucine aminopeptidase is presented in 
Table I. For comparison, the values reported by Carpenter and Vahl6 and by 
Kettmann eí a¿15 are included. The enzyme contains a high percentage of hydro-
phobic amino acids. Values found for tryptophan vary considerably. We used 
three different methods for the tryptophan determination, but were not able 
to obtain reproducible results. However, none of the values determined ex-
ceeded 4.0. The number of tryptophan residues deduced from the sequence res-
ults is 6. The NHj-terminal residue of native and of S-carboxymethylated 
leucine aminopeptidase was determined to be threonine. By automated Edman 
degradation, the NH2-terminal amino acid sequence of leucine aminopeptidase 
was determined up to Thr-21 (Table II). 
The general strategy for the sequence determination of leucine aminopep-
tidase is outlined in Fig. 3. Cleavage by CNBr at the 12 methionine residues 
of reduced and 5-alkylated enzyme yielded 13 fragments, of which 11 fragments 
could be purified partially or completely. We were not able to purify frag-
ments CB 7 and CB 13. It is conceivable that these fragments precipitate 
during gel filtration or ion exchange chromatography. Fragments CBSandCBll 
were isolated as a mixture, but fragment CB 11 could be obtained in pure form 
after CNBr cleavage of hydroxylamine fragment HA 2. A large part of the se-
quence of fragment CB 8 was deduced from fragment HA 2-CB 8b purified from a 
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Table. I The amino асла compoiÁJxon o{¡ bovine, tem, ¿еисіпг amtnopeptiaUie. 
Values for leucine aminopeptidase are expressed as residues per 
subunit. Results are the average of triplicate analyses. Values 
for valine and isoleucine were taken from the 72 h hydrolysate, and values 
for threonine and serine were extrapolated to zero time hydrolysis. (A) re­
duced and S-carboxymethylated leucine aminopeptidase, (B) sequence results, 















































































































aDetermined as S-carboxymethylcysteine 
b25 aspartic acid and 22 asparagine 
c36 glutamic acid and 14 glutamine 
dvalues between brackets are improved values2 
See opposite site: 
Fig. 4 Piopoied amino acid izquence od bovine ¿em ¿елсіпе aminopeptidoie. De­
termination of the sequence of the complete polypeptide chain was per­
formed as outlined in the schematic representation (Fig. 3). 
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10 20 30 
Thr-Lys-Gly-Leu-Va1-Leu-Gly-Ile-Tyr-Ser-Lys-G1u-Lys-G1u-G1u-Asp-Glu-Pro-G1n-Phe-Thr-Ser-Ala-G1y-Glu-Asn-Phe-Asn-Lys-Leu-Val-Ser-Gly-Lys-Leu-Arg-Glu-Ile-
40 50 60 70 
Leu-Asn-Ile-Ser-Gly-Pro-Pro-Leu-Lys-Ala-Gly-Lys-Thr-Arg-Thr-Phe-Tyr-Gly-Leu-His-Glu-Asp-Phe-Pro-Ser-Val-Val-Val-Val-Gly-Leu-Gly-Lys-Lys-Thr-Ala-Gly-Ile-
80 90 100 П О 
Asp-Glu-G1n-Giu-Asn-Trp-His-Glu-Gly-Lys-Glu-Asn-Ile-Arg-Ala-Ala-Val-Ala-Ala-Gly-Cys-Arg-Gln-Ile-Gln-Asp-Leu-Glu-Ile-Pro-Ser-Val-Glu-Val-Asp-Pro-Cys-Gly-
CB 1 
120 130 140 150 
Asp-Ala-Gln-Ala-Ala-Ala-Glu-Gly-Ala-Val-Leu-Gly-Leu-Tyr-Glu-Tyr-Asp-Asp-Leu-Lys-Gln-Lys-Arg-Lys-Val-Val-Val-Ser-Ala-Lys-Leu-His-Gly-Ser-Glu-Asp-Glη-Glu-
160 170 180 190 
Ala-Trp-Gln-Arg-Gly-Val-Leu-Phe-Ala-Ser-Gly-Gln-Asn-Leu-Ala-Arg-Arg-Leu-Met-Glu-Thr-Pro-Ala-Asn-Glu-Met-Thr-Pro-Thr-Lys-Phe-Ala-Glu-Ile-Val-Glu-Glu-Asn-




200 210 220 
Leu-Lys-Ser-Ala-Ser-Ile-Lys-Thr-Asp-Val-Phe-ne-Arg-Pro-Lys-Ser-Trp-Ile-Glu-Glu-Gln-Glu-Met-Gly-Ser-Phe-Leu-Ser-Val-Ala-Lys-Gly-Ser-Glu-Glu-Pro-Pro-Val-
CB 3 • = 
Τ 25 




270 280 290 300 
Met-Asp-Leu-Met-Arg-Ala-Asp-Met-Gly-Gly-Ala-Ala-Thr-Ile-Cys-Ser-Ala-lie-Val-Ser-Ala-Ala-Lys-Leu-Asp-Leu-Pro-Ile-Asn-Ile-Val-Gly-Leu-Ala-Pro-Leu-Cys-Glu-
-— -«— CB 5 — -i CB 6 • 
Τ 31 
310 320 330 340 
Asn-Met-Pro-Ser-Gly-Lys-Ala-Asn-Lys-Pro-Gly-Asp-Val-Val-Arg-Ala-Arg-Asn-Gly-Lys-Thr-Ile-Glη-Val-Asp-Asn-Thr-Asp-Ala-Glu-Gly-Arg-Leu-Ile-Leu-Ala-Asp-Ala-
*. CB 8 
350 360 370 380 
Leu-Cys-Tyr-Ala-His-Thr-Phe-Asn-Pro-Lys-Val-Ile-ne-Asn-Ala-Ala-Thr-Leu-Thr-Gly-Ala-Met-Asp-Ile-Ala-Leu-Gly-Ser-Gly-Ala-Thr-Gly-Val-Phe-Thr-Asn-Ser-Ser-
^ ^ CB 9 
390 400 410 
Trp-Met-Asn-Lys-Leu-Phe-Glu-Ala-Ser-ne-Gl-u-Thr-Gly-Asp-Arg-Val-Trp-Arg-Met-Pro-Leu-Phe-Glu-His-Tyr-Thr-Arg-Gln-Val-Ile-Asp-Cys-Gln-Leu-Ala-Asp-Val-Asn-
• ^ CB 10 • — — — 
HA 2 
420 430 440 450 
Asn-Ile-Gly-Lys-Tyr-Arg-Ser-Ala-Gly-Ala-Cys-Thr-Ala-Ala-Ala-Phe-Leu-Lys-Glu-Phe-Val-Thr-His-Pro-Lys-Trp-Ala-His-Leu-Asp-Ile-Ala-Gly-Val-Met-Thr-Asn-Lys-
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F¿g. 3 SchemJxc izpiíL&zntatíon. o i thz iViatíQij {¡on. ¿equetice апс&уьЛь o fa 
bovine lum, izucÀne. amcnopeptldcut. Sites of cleavage are indicateci 
by the fol lowing symbols: x , methionine and · , Asn-Gly. A: determination of 
the sequence of the complete polypeptide chain was performed by pur i f i ca t ion 
and sequence analysis of cyanogen bromide fragments, of the COOH-terminal hy-
droxylamine fragment, and of the large staphylococcal protease peptide 
$Р232~30Ц . Overlaps between these fragments were obtained from t r y p t i c pep­
tides and from peptide i c 1 7 0 " 2 0 5 , which resulted from a t r y p t i c digest of 
citraconylated leucine aminopeptidase. В: determination of the sequence of 
the COOH-terminal hydroxylamine fragment (HA 2 ) . Cyanogen bromide fragments 
of HA 2 were p u r i f i e d and sequenced. The COOH-terminal sequence (residues 
466-478) was deduced from t r y p t i c peptides Tc 5 and Tc 6, obtained from c i ­
traconylated HA 2. Overlapping peptides were isolated by digestion of HA 2 
with t r y p s i n , chymotrypsin, and thermolysin. 
CNBr cleavage mixture of fragment HA 2. Treatment of leucine aminopeptidase 
with hydroxylamine resulted in cleavage of the only Asn-Gly bond in the chain 
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(Fig 3B). CNBr cleavage of the COOH-terminal fragment HA Ζ yielded f i v e f rag­
ments in pure form (CB 8b, CB 9, CB 10, CB 11, and CB 12). Overlaps between 
these fragments were obtained from t r y p t i c , chymotryptic, thermolyt ic, and 
staphylococcal protease peptides of HA 2. Tryptic digestion of citraconylated 
HA 2 yielded two peptides, Tc 5 and Tc 6. They originated from the COOH-term­
inal part of HA 2 and contain sequences which were never found in a CNBr 
fragment. Peptide HA 2-Tc 6 was i d e n t i f i e d as the COOH-terminal peptide of 
HA 2 and hence of the complete leucine aminopeptidase chain. The COOH-term­
inal alanine residue could not be i d e n t i f i e d by digestion with carboxypeptid-
ases A, B.C, or Y, even when the digestions were performed under denaturing 
condit ions, such as in the presence of SDS or urea, and by heat denaturation. 
Probably the COOH-terminal residues of leucine aminopeptidase are shielded in 
such a way that they are not accessible to the carboxypeptidases. A l l over­
laps between the CNBr-fragments have been r i g i d l y established. Tryptic d i ­
gestion of S-carboxymethylated leucine aminopeptidase and p u r i f i c a t i o n of 
methionine-containing peptides Τ 25, Τ 30, and Τ 31 together with the p u r i f i ­
cation of the t r y p t i c peptide T c 1 7 0 - 2 0 5 , obtained from a digest of c i t racon­
ylated S-carboxymethylated leucine aminopeptidase, established the remaining 
overlaps. The sequence of residues 275 to 304 was derived from analysis of 
peptide SP 2 - 3 2 - 3 0 4 , obtained from a staphylococcal protease digestion of S-
aminoethylated leucine aminopeptidase (Fig. ЗА). The sequence of S P 2 3 2 - 3 0 4 
also confirmed the order of fragments CB 4, CB 5, and CB 6. 
The proposed amino acid sequence of leucine aminopeptidase is presented in 
Fig. 4 (page 32-33). 
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PISCUSSION 
In contrast to earlier reports16 proposing that bovine lens leucine aminopep-
tidase is made up of 10 subunits with molecular weights of 32,000, it is now 
firmly established that the enzyme consists of six identical subunits of M
r
 = 
SA.OOO1*»5. We have never found any indication of a component of leucine ami-
nopeptidase smaller than the M
r
 = 54,000 subunit; not even on prolonged in­
cubation of the carboxymethylated subunit at 37 0 С or in SDS and s-mercapto-
ethanol. This contradicts the claims that prolonged incubation of the sub-
units in 1% SDS and 1% B-mercaptoethanol results in the appearance of smal­
ler components, or even that polypeptide chains of M
r
 = 10,000 are present in 
the aggregate17. The results of cross-linking studies by Carpenter and Har­
rington5, which indicated that leucine aminopeptidase is composed of ident­
ical subunits, are confirmed by our findings that the subunits are identical 
both in molecular weight and in charge, and by the fact that we never found 
any evidence for heterogeneities in the primary structure during our sequence 
studies. 
Comparison of the total amino acid composition, derived from the sequence 
results, with the amino acid analysis of leucine aminopeptidase reveals very 
good agreement. The results of our amino acid analysis correspond reasonably 
well with the values reported by Kettmann e¿ αΖ1'' and Carpenter and Vahl6 
(Table I). Only for tryptophan is a significant discrepancy observed. Al­
though we determined the tryptophan content of leucine aminopeptidase by 
three different methods, we were not able to obtain reproducible results. A 
total of 6 tryptophan residues was deduced from the sequence results. 
Initial attempts to isolate CNBr fragments were hampered by incomplete 
cleavage, insoluble core material, and considerable aggregation between frag­
ments. These problems were solved by extensive reduction and alkylation of 
leucine aminopeptidase prior to cleavage by CNBr. Purification of CNBr frag­
ments could be achieved only by ensuring complete solubilization of these 
polypeptides during chromatographic manipulations. All separations were there­
fore carried out in solvents containing б M urea. Despite these precautions, 
we were still unable to purify CNBr fragments CB 7 and CB 13. All amino acid 
residues in the sequence of leucine aminopeptidase were identified more than 
once in peptides obtained by different methods. All overlaps between larger 
fragments could be established conclusively, apart from the overlap between 
residues 472 and 473, which was confirmed by an indirect method, based on the 
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normal spec i f i c i t y of t rypsin and the lack of lysine or arginine in Tc 6. 
The polypeptide chain of leucine aminopeptidase contains a to ta l of 478 
amino acid residues. The calculated molecular weight is 51,691. However, 
Polyacrylamide gel electrophoresis in the presence of SDS resulted in an 
estimated molecular weight of 54,000. The discrepancy of 2300 between the 
two values is of the same magnitude as that found for CNBr fragment CB 1: 
a value of 18,837 was calculated from the sequence resu l ts , while a value 
of 21,000 was estimated from Polyacrylamide gel electrophoresis in the pres-
ence of SDS12. I t may well be that the N^-terminal part of leucine amino-
peptidase binds re la t i ve l y less SDS than the remaining part of the polypep-
t ide chain1 8 . 
The amino acid sequence of bovine lens leucine aminopeptidase proposed 
here represents the f i r s t primary structure determination of a member of the 
class of two-metal peptidases. To detect sequence relationships between leu-
cine aminopeptidase and other proteins, six pieces of 25 residues from the 
to ta l sequence of 478 residues were compared with a l l 25-residue segments of 
each sequence in the data base of the Atlas of Protein Sequence and Structure, 
using the computer program SEARCH19. No s t a t i s t i c a l l y s ign i f i cant re la t i on -
ship was found wi th any sequence in the data base, indicat ing that leucine 
aminopeptidase represents a separate protein superfamily. 
The sequence of leucine aminopeptidase can provide a basis for the in te r -
pretat ion of x-ray crystal lographic studies, of which a preliminary account 
has been presented10. I t has also been useful in in terpret ing experiments i n -
volving the a f f i n i t y label ing of cysteine residues in metallo-activated leu-
cine aminopeptidase, as presented in the fol lowing paper14. These results may 
provide a better understanding of the mechanism of action on a molecular ba-




Рп.е.раш£соп о^ ¿глс-іпг aminopzptidcLiz {¡Аот bovine. ¿г.пі. Leucine aminopepticl­
ase (LAP)1 was isolated from batches of eight hundred cal f lenses according 
to the method of Hanson and Frohne2. Occasionally further p u r i f i c a t i o n was 
necessary. In that case the enzyme s o l u t i o n , in 0.1 M Tris-HCl b u f f e r , pH 
8.0, was centri fuged at 55,000 rpm in a Spinco centrifuge (Ti 60 r o t o r ) . The 
supernatant f r a c t i o n was concentrated in a Diaf lo U l t r a f i l t e r (Amicon XM50) 
to approximately 5 ml , and chromatographed on a column (120x3.0 cm) of Ul-
trogel AcA 34 (LKB), eluted with 0.1 M Tris-HCl b u f f e r , pH 8.0, at a flow 
rate of 18 ml/h. Purity was checked rout inely by Polyacrylamide gel e lectro­
phoresis in the presence of SDS18. Protein concentration was determined by 
the method of Lowry2 0. Acidic urea gel electrophoresis was carr ied out as 
described e a r l i e r 1 1 ! 1 2 . Sedimentation studies were performed at 20 0C in a 
Beekman Spinco model E analyt ical u l t racentr i fuge at 64,000 rpm, using 
Schlieren opt ics. A c t i v i t y measurement and determination of the k inet ic para­
meters were carried out as described prev ious ly 1 1 . For sequence studies the 
enzyme solut ion was dialyzed against water and lyophi l ized. 
Rzduction and S-alkylation. After reduction, the cysteine residues of LAP 
were modified by S-carboxymethylation or S-aminoethylation p r i o r to further 
cleavage. Because of resistance of LAP against S-alkylation the special proc­
edure of Melbye and Carpenter1* with longer reduction time and larger excess 
of a lky la t ing reagent was followed. Lyophil ized LAP (40 mg) was reduced for 
4 h by e-mercaptoethanol in 8 M urea. The pH was brought to 8.5 with 4 MNaOH, 
and 280 mg of iodoacetic acid (Sigma), neutral ized with 4 M NaOH, was added. 
The reaction was allowed to proceed for 10 min under nitrogen, while the pH 
was kept constant with 1 M NaOH. The solut ion was dialyzed against 0.01 M 
'The abbreviations used are: Ae-LAP, reduced and s-aminoethylated leucine a-
minopeptidase; Cm-LAP, reduced and S-carboxymethylated leucine aminopeptid-
ase; dansyl-, 5-dimethylann'nonaphthalene-l-sulfonyl-; EGTA; Ethyl eneglycol-
bis-(ß-aminoethylether)N,N,N', N'- tetraacet ic ac id ; LAP, leucine aminopep-
t idase; TPCK,L-l-tosylamido-2-phenylethyl chloromethyl ketone; Quadrol, 
Ν,Ν,Ν', N ,-tetrakis(2-hydroxypropyl)ethylene diamine. 
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Tns-HCl, pH 8 5, and water, and then lyophi l i zed. 
Labeling with [2-3H] -lodoacetic acid (Radiochemical Centre, Amersham) was 
earned out on 40 mg of LAP by reduction and a lky lat ion with 37 ymol of neu­
t r a l i z e d [2-3H]-lodoacetic acid (sp. act. 10 8 yCi/ymol), which corresponds 
to a 6-fold molar excess over cysteine residues. After extensive dia lys is and 
l y o p h i l i z a t i o n , the [3H]-labeled protein was once more reduced and alkylated 
with 280 mg of lodoacetic acid as described above to assure complete a lky la­
t ion of cysteine residues. 
Reduction and 5-aminoethylation was performed according to Raftery and 
Cole2 1 in 1.0 M Tns-HCl b u f f e r , pH 8 6, using a reduction time of 4 h. 
С.ила.(іопуісии.оп 0$ ε-amoio дкои.рі. Citraconylation was performed according 
to Atassi and Habeeb22 with s l i g h t modif ications. 40 mg of protein was d is­
solved in 4 ml of 6 M guamdine-HCl containing 0.5 mM EGTA. The pH was brought 
to 8.2 with 4 M NaOH and 230 μΐ of c i t racomc acid anhydride (Pierce) (150-
f o l d molar excess based on the number of lysine residues) was added in por­
tions over a period of 30 mm, while the pH was maintained at 8.2 with 1 M 
NaOH. After 90 mm the solut ion was extensively dialyzed againstO.l ММН^НСОз, 
pH 8.9. Subsequently the citraconylated protein was digested with trypsin 
(Worthmgton TRTPCK) at 37 "С for 2 h, using 1% (w/w) of t rypsin i n i t i a l l y 
and an additional 1% a f t e r 1 h. Trypsin was inactivated by heating the i n ­
cubation mixture for 4 mm at 90 "С. The lyophi l ized peptide mixture was sub­
jected to gel f i l t r a t i o n in 0.1 M ammonia or 0.05 M МцНСОз. Decitraconyla-
t ion was obtained by incubation in 10% (v/v) acetic acid for 2 h at 37 0 C. 
CNB-t сАча адг. CNBr cleavage2 3 was performed in 70% (v/v) t r i f luoro-acet i с 
acid at a protein concentration of 50 mg/ml and a CNBr concentration of 200 
mg/ml for 18 h at room temperature in the dark. The solut ion was then d i l u t ­
ed with 10 volumes of 50% (v/v) acetic acid and concentrated by rotary evap­
orat ion. The residue was d i luted with water and lyophi l i zed. P u r i f i c a t i o n of 
the fragments was obtained by ion-exchange chromatography on Cm-cellulose 
(Whatman, CM-52) in the presence of 7 M urea21* or by gel f i l t r a t i o n on Seph-
adex G-100 f ine (200x3.5 cm) eluted at a flow rate of 10 ml/h with 10% (v/v) 
acetic ac id, containing 6 M urea. The urea was removed by gel f i l t r a t i o n on 
Sephadex G-10 in 20% (v/v) acetic acid. 
HydAuxy¿am.m сЛга адг. Hydroxylamine cleavage of S-alkylated LAP was carr ied 
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out according to Bornstein and Bal ian 2 5 wi th some modif ications. Hydroxyl-
amine (Fluka; 13.9 g) was dissolved in 8 ml of water. Under vigorous s t i r ­
r ing 8 ml of 12.5 M NaOH was added in an icebath, followed by 20 ml of 1 M 
К2С0з. The pH was adjusted to 9.5 with 4 M NaOH. Guanidine-HCl (57.3 g) was 
added, and the volume brought to 120 ml by the addit ion of water. After re­
adjustment of the pH to 9.5, S-alkylated LAP was added to a f i n a l concentra­
t ion of 4 mg/ml. After a reaction time of 4 h at 25 "С the mixture was de­
salted by extensive d ia lys is against water, and lyophi l i zed. The cleavage 
mixture was p u r i f i e d and fractionated by gel f i l t r a t i o n on Sephadex G-100 
f ine (200x3.5 cm), eluted with 10% (v/v) acetic ac id, containing 6 M urea, 
at a flow rate of 10 ml/h. Pooled fract ions were dialyzed against water and 
lyophi l i zed. 
Enzymic cUgeAtLonb. Digestion of the S-alkylated protein or p u r i f i e d f rag­
ments with trypsin (Worthington TRTPCK), chymotrypsin (Worthington CBI) or 
thermolysin (Calbiochem A grade) was carried out in 0.1 M МН^НСОз, pH 8.9. 
Trypt ic- and chymotryptic digestion was performed f o r 2 h at 37 0С at a pro­
t e i n concentration of 10 mg/ml using 1% (w/w) of enzyme i n i t i a l l y and an ad­
d i t i o n a l 1% a f t e r 1 h. Thermolytic digestion was carr ied out for 1 hatSO CC 
at a protein concentration of 10 mg/ml using 1% (w/w) of enzyme. Occasional­
ly fragments were f i r s t oxidized with performic a c i d 2 6 before thermolytic 
digestion in order to enhance the y i e l d of the peptides. Chymotryptic or 
thermolytic digestion of t r y p t i c peptides was carr ied out for 1 h at 37 0С 
at a peptide concentration of 500 nmol/ml, using 5 μΐ of enzyme solut ion (10 
mg/ml) per ml of incubation mixture. Digestion of CNBr and hydroxylamine 
fragments by staphylococcal protease (Miles, 5. аилгил V8) was carried out 
for 16 h at 37 "С in 0.1 M МНцНСОз, pH 8.0, at a protein concentration of 20 
mg/ml using 5% (w/w) of enzyme. During the digestion of Ae-LAP and S-amino-
ethylated HA-2 fragment 2 M urea was included in the digestion buf fer . Di­
gestion of peptides with staphylococcal protease was performed for 6 h at 
40 0C in 0.1 M МНцНСОз, pH 8.0, at a peptide concentration of 0.5 mg/ml using 
5% (w/w) enzyme27. Digestion with aminopeptidase M (Boehringer) was carried 
out at 37 "С for 25 h in 0.1 M Ж^НСОз, pH 8.0, at a peptide concentration of 
50 nmol/100 μ ΐ , using 10 μΐ of enzyme solut ion in a 100 ul incubation volume. 
The lyophi l ized digestion mixture was applied d i r e c t l y to the amino acid 
analyzer. Digestion with carboxypeptidase A and В (Boehringer) was performed 
at 37 cС in 0.1 M N-ethylmorpholine acetate b u f f e r , pH 8.5, according to Am-
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b i e r 2 8 and was also tested in the presence of 0.1% (w/v) or 1% (w/v) SDS. Af­
t e r a digestion time of 4 h the pH was lowered to 5.3 with acetic acid and 
digestion was continued with carboxypeptidase С as described by Tschesche29. 
Digestion with carboxypeptidase Y from baker yeast (Pierce) was performed as 
described by Hayashi and was also t r i e d out on enzyme denatured during 10 min 
at 100 "С and in the presence of 6 M urea 3 0 . A l l digestions were stopped by 
freezing and l y o p h i l i z a t i o n , unless stated otherwise. 
PuAA-i-Lccution oi ргрііаел. Peptides resul t ing from enzymic digestion of small 
fragments were p u r i f i e d by high-voltage electrophoresis and descending chro­
matography as described e a r l i e r 3 1 . Aspartic acid was used as a reference for 
the determination of the mobi l i ty of the peptides, and t h e i r charge was c a l ­
culated according to O f f o r d 3 2 . When separation of neutral peptides was un­
s a t i s f a c t o r y , re-electrophoresis was performed at pH 3.5 in pyr idine/glacial 
acetic acid/water (1:10:89, v/v). Peptides were eluted from paper with 10% 
(v/v) acetic a c i d , or 0.1 M ammonia in the case of peptides containing an N-
terminal glutamine residue that can undergo c y c l i z a t i o n . Occasionally maps 
were stained with Ehrl ich's reagent for the detection of peptides containing 
tryptophan 3 3 . Peptides resul t ing from enzymic digestion of large fragments, 
l i k e CB 1 and HA 2, were f i r s t separated on a column (120x1.5 cm) of Seph-
adex G-50 superfine in 0.05 M ІЧН^ НСОз or 0.1 M ammonia. Maximum sample load­
ing was 40 mg of digestion mixture. Peptides were eluted at a flow rat of 6 
ml/h and detected by t h e i r absorbance at 280 and 206 nm (Uvicord I I I , LKB). 
Large peptides were further p u r i f i e d by ion-exchange chromatography on a c o l ­
umn (10.0x1.0 cm) of DEAE-cellulose (Whatman DE-52)3i t. Peptides were eluted 
with a gradient (2x200 ml) from 0.05 M to 0.3 M NMCO3, pH 7.8, at a flow 
rate of 12 ml/h. Smaller peptides were fur ther p u r i f i e d by peptide mapping 
as described above. Occasionally peptides containing methionine were i s o l a t ­
ed by the diagonal electrophoretic method of Tang and H a r t l e y 3 5 . 
Amino acÁd anaJLijilò and ¿zquzncz deXMmination. Protein samples were hydro-
lyzed for 24, 48 and 72 h in 0.5 ml of 6 M HCl containing 0.025% (w/v) phenol 
in sealed, evacuated tubes at ПО "С. Peptide samples were hydrolyzed f o r 22 h 
at 110 "C. Amino acid analysis was performed with a Rank Hilger Chromaspek 
analyzer. Tryptophan was determined af ter hydrolysis with 3 M p-toluenesulf-
onic a c i d 3 6 , by the color imetr ie method of Basha and Roberts 3 7 , or as des­
cribed by Messineo and Musarra3 9. 
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The NH2-terminal amino acid residue of larger fragments was determined by 
dansylation according to Gros and Labouesse39, and in the case of peptides 
by the method described by Gray1*0. The dansyl-Edman technique was performed 
according to Gray and Smith1*1 using sequencing reagent from Pierce (Sequenal 
grade). Dansylated amino acids were iden t i f i ed by th in- layer chromatography 
on polyamide sheets (Schleicher and Schui l , F1700, 5x5 cm). The sol vent sys-
tems of Woods and Wang1*2 were used, modified by replacing benzene by toluene 
in solvent I I . For i den t i f i ca t ion of dansyl-h ist id ine thesystemof Jörnvall1 '3 
was used. 
For d i rec t manual Edman degradation the accelerated version of Nial l and 
Potts"*1* was followed. For some of the lysine peptides the Braunitzer reagent 
4-sulphophenylisothiocyanate (Pierce) was used in the f i r s t step1*5. Thethia-
zolinone derivatives were converted with 1 M HCl fo r 10 min at 80 0 С , and the 
phenylthiohydantoins were extracted three times wi th ethylacetate. The phen-
ylthiohydantoins in the organic phase were i d e n t i f i e d by th in- layer chroma­
tography on s i l i c a g e l HPTLC plates (Merck, 10x10 cm, cat. nr. 5628) contain­
ing a fluorescence indicator. The plates were developed with chloroform/eth­
anol (98:2, v/v) followed by chloroform/methanol (90/10, v/v) in the same d i ­
rect ion. After v isual izat ion of the spots at 254 mkè, the plates were s ta in -
ed with n inhydr in-col l id ine reagent1*7. The phenyl thiohydantoins were quanti-
f ied by high performance l i qu id chromatography on a column (250x4.6 nm) of 
Nucleosil 50-5 (Schleicher and Schuil) as described by Frank and Strubert1*8 
For the e lut ion of the phenylthiohydantoins of the hydrophobic amino acids 
a solvent consisting of methylene chloride/methanol (99.75:0.25, v/v) was 
used, and for the elut ion of the phenylthiohydantoins of the hydrophylic ami-
no acids methylene chloride/methanol/dimethyl sulfoxide (95:5:3, v /v ) . The 
phenylthiohydantoins of aspartic acid and glutamic acid were only ident i f ied 
by th in layer chromatography. For the i den t i f i ca t i on of the phenylthiohydan-
toins of h is t id ine and arginine the aqueous phase was subjected to chromato-
graphy on the above mentioned s i l i cage l p lates, developed with xylene/95% 
ethanol/acetic acid (50:50:0.5, v/v)1*9. After i r rad ia t i on at 254 nm the plates 
were stained with Paul i 's reagent33. 
Automated Edman degradation was performed in a Beekman spinning cup se-
quenator, model 890C, using the quadrol double cleavage program. The phenyl-
thiohydantoins were quant i f ied by gas l i qu id chromatography as described50. 
Amide groups were assigned on the basis of electrophoretic mobi l i t ies of 
small peptides at pH 6.5 or by direct i den t i f i ca t i on as phenylthiohydantoins 
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in the Edman degradation. Occasionally amide groups were i d e n t i f i e d by amino 
acid analysis fol lowing digestion with aminopeptidase M. 
Ptptide. wmmclatuAiL. Fragments result ing from chemical cleavage are ind icat­
ed by prefices corresponding to the type of cleavage: CB = cyanogen bromide, 
HA = hydroxylamine, and are numbered according to t h e i r posit ion in the com­
plete chain. Tryptic peptides are indicated by Τ and numbered s t a r t i n g from 
the NH2-terminus of the complete polypeptide chain. 
Designations for the other peptides are: Tc, t r y p t i c digestion a f t e r c i -
t raconylat ion; C, chymotryptic digest ion; Th, thermolytic digestion and SP, 
staphylococcal protease digestion. These peptides are numbered s t a r t i n g from 
the NH2-terminus of the fragment from which they were iso lated. Sometimes a 
peptide is encoded with a superscript indicat ing the N^-terminal and the C00H-
terminal residue number in the over-all sequence of LAP. 
СотриЛгл analyiu. Computer analyses were performed by Dr W.C. Baker, George­
town University Medical Center, Washington D.C. with the computer program 
SEARCH19, which compares a segment of 25 residues to a l l possible segments of 
the same length in sequences accumulated in 'Atlas of Protein Sequence and 
S t r u c t u r e ' ; Volume 5. Six segments of 25 residues of LAP were investigated. 
RESULTS2 3 
YULfU-ilcation o{¡ thz СМВ* inagmznti oí fizdu.c&d and S-aZkyZaXzd ie.ucA.nz amlno-
pzptidcaz. The CNBr cleavage mixture of Cm-LAP was chromatographed on Seph-
adex G-100 in 10% (v/v) acetic acid containing 6 M urea (Fig. 5A). The SDS-
polyacrylamide gel electrophoretic analysis of the different fractions is 
shown in Fig. 5B. Thefirst peak (pool II) yielded a fragment which was puri-
2General legends to the Figures: 
Identifications of residues were performed by the following methods: 
notation (—^), automatic Edman degradation 
notation (—^), manual Edman degradation 
notation (—7), dansyl Edman degradation 
notation (—>), manual- and dansyl Edman degradation. 
Elution pattern; absorbance was measured at two wavelengths, at 206 nm ( ) 
and at 280 nm ( — ). 
3
 Tabi es II to XL 11 are presented in mi ni print at page 69 to 84 . 
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f i e d completely by re-chromatography on the same column. I t s molecular weight 
was estimated to be 21,000. Pool I I I and pool IV contained mixtures of f rag­
ments with molecular weights of approximately 10,000 and 6,000, respective­
l y . Fractions e lut ing l a t e r from the column contained the smaller fragments. 
340 Э60 380 
etutKHi votume Imi) 
F-cg. 5A Chiomatogtiaphy o^ thz СМВл {,шдтг.п£і> oí S-aaAboxymeXhytatzd LAP. 
Approximately 300 mg of lyophil i zed fragments was applied to a column 
(200x3.5 cm) of Sephadex G-100 f ine , and eluted with 10% (v/v) acetic acid 
containing 6 M urea at a flow rate of 10 ml/h. Fractions were pooled as i n d i -
cated. Absorbance was measured at 280 nm. 
Fig. 58 SOS-poiyacAylamide. gut eZteXsiophoKeAii oí thz poolzd ^пасХіопо od the. 
Szphadzx-notumn. 
Pool I-IV of the Sephadex G-100 column of the separation of the CNBr f rag­
ments were analyzed by SDS-polyacrylamide gel electrophoresis. 
A sequenator run of the 21,000 molecular weight fragment gave essent ia l ly the 
same results as f o r native LAP (Table I I ) , indicat ing that th is fragment is 
the NH2-terminal fragment of the enzyme (CB 1). 
Some CNBr fragments were pur i f ied from Ae-LAP by chromatography on Cm-cel­
lulose in the presence of 7 M urea (Fig. 6) followed by gel f i l t r a t i o n on 
Sephadex G-50 superfine. 
absorbance 
5 0 100 2S0 
d u l i o n vo lume (ml) 
Ftg. 6 lon-exchangz chiomcuto-
giAphy 0($ thz CNBA. {¡lag-
mznti o{¡ Ae-LAP. 
Approximately 100 mgof l yoph i l -
ized CNBr fragments was applied 
to a column (10.0x2.0 cm) of 
Cm-cellulose inO.OlM КагНРОі,, 
pH 5.8, containing 7 M urea, and 
eluted by means of a l inear 
gradient made of 200 ml s t a r t ­
ing buffer and 200 ml of l i m i t 
buffer (0.04MNa?HP0 l t, pH8.0). 
Fractions were pooled as i n d i ­
cated. Pools I and I I were 
p u r i f i e d by gel f i l t r a t i o n 
(Fig. 7). 
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Chromatography of pool I and I I of the Cm-cellulose column (Fig. 6) gave i -
dentical results (F ig . 7). Pool I of the Sephadex column (Fig. 7) contained 
Fi.g. 7 VuAÍ{¡¿cajtÍon o i СИВ*. 
іладтгпіл о{ Ae-LAP. 
Pool I of the Cm-cellulose c o l ­
umn (Fig. 6) was applied to a 
column (120x1.6 cm) of Seph­
adex G-50 superfine in 20% (v/v) 
acetic acid and eluted with the 
same solvent at a flow rate of 
8 ml/h. Fractions were pooled 
as indicated. Pool I I I was f u r t h ­
er p u r i f i e d by gel f i l t r a t i o n 
(F ig. 8) and pool V was p u r i f i e d 
by peptide mapping (Fig. 9A). 
75 100 125 150 
elution volume (ml) 
an almost pure fragment CB 3-4 result ing from incomplete cleavage at meth­
ionine residue 213. Pool I I of the Sephadex column (Fig. 7) contained a mix­
ture of fragments resul t ing from incomplete cleavage at methionine residues 
267 and 270. These fragments were not p u r i f i e d . Re-chromatography of pool I I I 
of the Sephadex column (Fig. 7) on the same column, but eluted with 5% i n ­
stead of 20% (v/v) acetic acid yielded two peaks (Fig. 8 ) . The f i r s t peak 
Fig. S Pixhll-ication о ¡J СМВл. 
{¡naqmznti, o i Ae-LAP. 
Pool I I I of the Sephadex G-50 
column (Fig. 7) was applied 
to a column (115x1.6 cm) of 
Sephadex G-50 superfine in 5% 
(v/v) acetic acid and eluted 
with the same solvent at a 
_
 i flow rate of 6 ml /h. Frac-
75 ιόο 125 150 t i ons were pool ed as i n d i c a t -
elution volume (ml) j 
(pool I) yielded fragment CB 4 in pure form. Pool II contained a mixture of 
two fragments, CB 4 and CB 2-3, resulting from incomplete cleavage at meth­
ionine residue 178. Pool IV of the Sephadex column (Fig. 7) contained CB 3 
in pure form. Peptide mapping of pool V of the Sephadex column (Fig. 7) yield­
ed two fragments: CB 9 and CB 10 (Fig. 9A). Pool III of the Cm-cellulose col­
umn (Fig. 6) contained a mixture of fragment CB 1 and larger fragments, which 
resulted from incomplete cleavage at methionine bonds. This fraction was not 
further purified. Analysisof pool IV and V of the Cm-cellulose column (Fig. 6) 
showed the presence of a reasonably pure fragment CB 8. Although this frag-
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ment could not be p u r i f i e d completely, we were able to determine i t s amino 
acid sequence. Pool VI of the Cm-cellulose column (F ig. 6) contained a mix­
ture of fragments CB 8 and CB 11, and pool VII contained almost pure f rag­
ment CB 11. We did not t r y to pur i fy these pool f r a c t i o n s , because fragment 
CB 11 could be isolated from a CNBr cleavage mixture of fragment HA 2. Be-
chromatography 
0. 
(•) electrophoresis (-) 
chromatography 
о 0* 
0 6 θ 
О 12 
(•) electrophoresis (-) 
Fig. 9 PuAlú-iccutíon o& СМВл бшдте-пЛл oí Kzaucad and S-alkylate.d LAP by pep-
tídz mapp¿ng. 
A. Pool V of the Sephadex column (Fig. 7) was applied at the o r ig in (+) and 
subjected to high-voltage electrophoresis at pH 6.5 followed by descend-
ing chromatography in the second dimension. 
B. Approximately 12 mg of lyophi l ized CNBr fragments of Cm-LAP was applied 
at the o r ig in (+) and subjected to high-voltage electrophoresis at pH 6.5 
followed by descending chromatography in the second dimension. 
cause the small CNBr fragments were los t during removal of urea by desalting 
on Sephadex G-10, these fragments were pur i f ied by d i rect peptide mapping of 
a CNBr cleavage mixture of Cm-LAP (Fig. 9B). This yielded four pure fragments: 
CB 2 , CB 5, CB 6 and CB 12. 
The amino acid compositions of the pur i f ied CNBr fragments are l i s ted in 
Table I I I . 
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Sequence. analyiM o(¡ (¡кадтгпі CB 1. Fragment СВ 1 of Cm-LAP was digested with 
trypsin and the resul t ing peptides were fract ionated d i r e c t l y on Sephadex G-
50 superfine (F ig. 10). Pool I yielded the large peptide Τ 14 i n pure form. 
Pool I I was p u r i f i e d by ion-exchange chromatography on DEAE-cellulose (Fig. 
11). From this column Τ 9 was obtained in pure form. The smaller peptides, 
present in pool I I I (F ig. 10), were p u r i f i e d by peptide mapping. Peptide Τ 2 
could not be recovered, probably because of i t s hydrophobic nature, but i t s 
sequence could be deduced from the sequenator run on t o t a l CB 1 (Table I I ) . 
Two lysine bonds and one arginine bond were p a r t i a l l y s p l i t by t r y p s i n , res­
u l t i n g in peptides Τ 10-11, Τ 16-17 and Τ 20-21. The amino acid compositions 
of the pur i f ied t r y p t i c peptides of CB 1 are l i s t e d in Table IV. Peptides Τ 
14a and Τ 14b were p u r i f i e d from a t r y p t i c digest of CB 1 isolated from Ae-
LAP. The sequence determination of the t r y p t i c peptides is shown in Fig. 12*. 
Some t r y p t i c peptides were subdigested with thermolysin or chymotrypsin in 
order to confirm or complete the sequence. The amino acid compositions of 
F¿ÍJ. JO TnactioruUlon o¿ th& 
tSLtjptic pzptA-d&b o{¡ CB 1 
on Sep/iodex G-50. 
A 40 mg sample of the t r yp t i c d i -
gestion mixture of CB 1 was ap-
pl ied to a column (120x1.5 cm) 
of Sephadex G-50 superfine and 
eluted with 0.1 M ammonia at a 
flow rate of 5 ml/h. Fractions 
of 2.0 ml were col lected and 
pooled as indicated. Pool I 
yielded peptide Τ 14 in pure 
form. Pool I I was further p u r i ­
f ied by ion-exchange chromato­
graphy (Fig. 11), and pool I I I 
was pur i f ied by peptide mapping. 
120 
traction number 
these secondary peptides are listed in Table V. The lysine bond (res. 13-14) 
was not cleaved by trypsin, probably because of several adjacent acidic res­
idues. The sequence determination of the large peptide Τ 14 will be describ­
ed in the section 'Purification and sequence determination of the cysteine-
contaimng tryptic peptides of LAP'. Peptide Τ 15 comprised a Lys-Arg bond 
which was not cleaved by trypsin. Two peptides containing a homoserine res­
idue were found as a result of a partial splitting of an arginine bond (res. 
169-170) by trypsin. 
*See page 48-49. 
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The order of tryptic peptides in CB 1 was determined by means of peptides ob­
tained by chymotryptic and thermolytic digestion of CB 1 and by tryptic di­
gestion of citraconylated CB 1. Chymotryptic peptides of CB 1 were purified 
by gel filtration on Sephadex G-50 superfine followed by peptide mapping as 
described before12. The amino acid compositions of the purified chymotryptic 
peptides are listed in Table VI. The sequence determination of the chymo-
мнінсозім) Fig. Л PufUilcation o i friyptic 
0 3 pzptidí Τ 9 oi CB / by 
¿on-zxckange. drin.omatoQ>ia.phy on 
VEAE-ceMaloiz. 
02 Pool II of the Sephadex G-50 
column (Fig. 10) was dissolved 
in 0.05 M NHi.HCOj, pH 7.8, and 
brought onto a column (11.0 χ 1.0 
0 1
 cm) of DE-52 equilibrated with 
the same buffer. Peptides were 
eluted with a gradient from 0.05 
о to 0.3 M N M C O 3 , pH 7.8, at a 
η i flow rate of 12 ml/h. Fractions 
10 20 30 40 so of 4.0 ml were collected. 
fraction number 
See opposite s i t e : 
F-tg. 12 Vnapo&zd amino add izqumcz o{¡ {¡àagmznt CB Í. 
The amino acid sequence of peptide Τ 14 is presented in F ig. 18. 
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10 20 30 
Thr-Lys-Gly-Leu-Va1-Leu-Gly-ne-Tyr-Ser-Lys-Glu-Lys-Glu-Glu-Asp-G1u-Pro-G1n-Phe-Thr-Ser-A1a-Gly-Glu-Asn-Phe-Asn-Lys-Leu-Va1-Ser-Gly-Lys-Leu-Arg-G1u-Ile-Leu-
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tryntic peptides is included in Fig. 12*.The amino acid compositions of ther-
molytic peptides of CB 1 purified by peptide mapping are given in Table 
VII, and their sequence determination is shown in Fig. 12. The peptide mix­
ture obtained by tryptic digestion of citraconylated CB 1 was chromatograph-
ed on Sephadex G-50 superfine and after decitraconylation fractions were pur­
ified by ion-exchange chromatography or peptide mapping as described before12. 
The amino acid compositions of these peptides are given in Table VIII. Their 
NH2-terminal residues were determined by dansylation. In some cases the pep­
tides were again digested with trypsin after decitraconylation, purified and 
analyzed (see Fig. 12*). 
The accumulated evidence for sequence determination of CB 1 is shown in 
Fig. 12*. Most overlaps between tryptic peptides involved two or more residues. 
The overlap of Τ 3 and Τ 4 involves only one residue, but the order of these 
peptides was confirmed by tryptic digestion of peptide Tc 1, which yielded Τ 
1 to Τ 5, and by the amino acid composition of Tc 1. The order Τ 15-T 16-T 17 
could not be proved by the chymotryptic or thermolytic peptides, because the 
Lys-Val bond (res. 138-139) was split by both enzymes. However, citraconyl 
peptide Tc 6, with NH2-terminal lysine, clearly indicated the order of these 
peptides. Fragment CB 1 contains a total of 171 residues. The amino acid com­
position of this fragment (Table III) is in good agreement with the results 
obtained from the sequence determination. 
Sequence атіуіы otf ¿ладтсуи. CB 3. All tryptic peptides of fragment CB3 were 
purified by peptide mapping. The amino acid compositions of the tryptic pep­
tides are listed in Table IX. Chymotryptic digestion of CB 3 followed by pep­
tide mapping yielded only two peptides (Table IX). Thermolytic digestion of 
CB 3 yielded six peptides which were purified by peptide mapping. The amino 
180 190 200 
Thr-Pro-Thr-Lys-Phe-Ala-Glu-Ile-Val-GlU-Glu-Asn-Leu-Lys-Ser-Ala-Ser-Ile-Lys-Thr-Asp-Val-Phe-
T
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acid compositions of these peptides are shown in Table X. The evidence for the 
sequence determination of fragment CB 3 is summarized in Fig. 13. The over­
laps Τ 21c-T 22 and Τ 22-T 23 both involve only a single residue, but the or­
der Τ 21c-T 22-T 23 is established conclusively by the comparison of the ami­
no acid composition of CB 3 with the number of residues of the particular a-
mino acids obtained from the sequence determination (Table III). 
Sequence andLyi-ü, o¿ {¡nagmznt CB 4. Peptide mapping of a tryptic digest of 
fragment CB 4 yielded all peptides in pure form. The amino acid analyses of 
the tryptic peptides are presented in Table XI. Peptide Τ 27 was oartially 
modified by deamidation of residue 239 (about 30%) during purification. Chy-
motryptic and thermolytic peptides of CB 4 were purified by peptide mapping. 
The amino acid compositions are shown in Tables XII and XIII. The sequence 
determination of the purified peptides, together with the total sequence of 
fragment CB 4 is shown in Fig. 14. The overlap Τ 28-T 29a only involved one 
residue, but because peptide Τ 29a is the only tryptic peptide of CB 4 with 
NH2-terminal alanine, Τ 29a must follow Τ 28. 
220 . 230 
Gly-Ser-Phe-Leu-Ser-Val-Ala-Lys-Gly-Ser-Glu-Glu-Pro-Pro-Val-Phe-Leu-Glu-Ile-His-Tyr-Lys-Gly-
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Ser-Pro-Asn-Ala-Ser-Glu-Pro-Pro-Leu-Val-Phe-Val-Gly-Lys-Gly-Ile-Thr-Phe-Asp-Ser-Gly-Gly-Ile-
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Ser-Ile-Lys-Al a-Al a-Ala-Asn-Hse 
x ч — • Τ 29a — — 
. . • -^- с ¿Г~' ~ г 
— • » _ Th 8 — ч Th 9 -
— JTh 8а» τ—'—'—' 
flg. 14 Ршро-ьЫ amino acid ¿equence о^ ^fiagmznt СБ 4. 
Sequence anaXyili о{> (¡nagmznt CB S. Fragment CB 8 of the Ae-LAP could not be 
obtained in completely pure form and a correct amino acid analysis of CB 8 
can therefore not be presented. Tryptic digestion followed by peptide mapping 
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yielded the purified peptides Τ 31b through Τ 36b and some minor impurities. 
The compositions of these purified peptides are given in Table XIV. Peptide 
mapping of chymotryptic and thermolytic digests of this fragment yielded pep­
tides of which the amino acid analyses are presented in Tables XV and XVI, 
respectively. Sequence determination of these peptides and evidence for the 
alignment are given in Fig. 15. These results confirm the sequence of resi-
310 320 
Pro-Ser-Gly-Lys-Ala-Asn-Lys-Pro-Gly-Asp-Val-Val-Arg-Ala-Arg-Asn-Gly-Lys-Thr-Ile-Gln-Val-Asp-
-ι Τ 31b • . ^  Τ 32 ^ г ^ т ^ т -Τ 33~ -^- Τ 34 ^ 
Th 1 — ^ ^ -
Th la 
330 340 350 
Asn-Thr-Asp-Al a-Glu-Gly-Arg-Leu-Il e-Leu-Al a-Asp-Ala-Leu-Cys-Туr-Ala-His-Thr-Phe-Asn-Pro-Lys-
— Л 35 — s • -. Τ 36a — Τ 36b • 
С 1 С 2 • - С 3 » С 4 • 
— Th 2 • » Th 3 • — Th 4 — - — Th 5 — Th 6 — 
360 
Val-I le-Ile-Asn-Ala-Ala-Thr-Leu-Thr-Gly-Ala-Hse 
-^ С 5 -
— „Th 7 - ^τΐΓ? ~7 ~T 
F-tg. 75 VKopoizd amino acid ¿zquince. σξ (¡ладтгпі CB S. 
These results confirm the sequence of residues 307-324 and the align­
ment of Τ 31b to Τ 34. Additional results for the remaining part of the se­
quence are presented in Fig. 24. 
dues 307-324and the alignment of peptides Τ 31b to Τ 34. The remaining part 
of the sequence of this fragment was deduced from fragment HA 2-CB 8b (see 
section 'Sequence analysis of fragment HA 2-CB 8b 1). 
Szquzncz analyili o i the. СНЫ {плдт&пЛ CB 2, CB 5, CB 6, CB 9, CB 10 and CB 
12. Direct manual Edman degradation of fragment CB 2 enabled to identify the 
first six residues (Fig. 16). The assignment of the COOH-terminal homoserine 
was based on the amino acid composition of the fragment (Table III). The a-
mino acid sequence of fragments CB 5 and CB 6 was determined by dansyl-Edman 
degradation (Fig. 16). Eight residues of fragment CB 9 were successfully i-
dentified by direct manual Edman degradation. A chymotrypic digest of CB 9 
yielded two peptides CB 9-C 1 and CB 9-C 2 (Table XVII). Because only six se­
quence steps could be performed on CB 9-C 1 it was subdigested with thermo-
lysin (Table XVII). The sequence of the purified peptides, together with the 








\ S V \ ч ч 
268 
Asp-Leu-Hse 




СВ 9 Asp-Ile-Ala-Leu-Gly-Ser-Gly-Ala-Thr-Gly-Val-Phe-Thi—Asn-Ser-Ser-Trp-Hse 
С 1 • ~ С 2 
- С I-Th 1 - j ^ - ^ С I-Th 2 • » c i - T M -
^
 7
 с і-тіГз ^ 
- ^ С І - Т Ь З а -
390 
СВ 10 Asn-Lys-Leu-Phe-Glu-Ala-Ser-Ile-Glu-Thr-Gly-Asp-Arg-Val-Trp-Arg-Hse 
- — Τ 38 • — Τ 39 — -T40a-
460 
СВ 12 Thr-Asn-Lys-Asp-Glu-Val-Pro-Tyr-Leu-Arg-Lys-Gly-Hse 
Τ 45b 1- 4 4 6 » 
- Τ 47a 
Flg. Jó Amino acÁd oíqucnct dztMmincvtLon o ξ the. СМВл. ^ладтгпИ СВ 2, СВ 5, 
СВ 6, СВ 9, СВ 10 and СВ 12. 
ed the amino acid sequence of СВ 9 (F ig. 16). P u r i f i c a t i o n of t r y p t i c and 
chymotryptic peptides of CB 10 (Table XVI I I ) , followed by sequence determina­
t i o n of these peptides yielded the sequence of fragment CB 10 (F ig. 16). The 
amino acid sequence of fragment CB 12 was determined up to the penultimate 
residue by d i r e c t manual Edman degradation (F ig. 16). The sequence was con­
firmed by the amino acid composition and p a r t i a l sequence determination of 
t r y p t i c and chymotryptic peptides (Table XIX; Fig. 16). 
VuJbLlicoutLon and mquznce, dzteAmination o{¡ the. cyiteAne-contttinlng fiyptic 
peptides o^ LAP. To determine the overlaps around cysteine residues and be-
tween CNBr fragments, we pur i f ied the cysteine-containing t r yp t i c peptides 
from [2-3H]-Cm-LAP. Most of the cysteine-containing peptides were pur i f ied 
from the 5-aminoethylated fragments and th is approach yielded addit ional 
cleaving sites fo r t ryps in . A t ryp t i c digest of [2-3H]-Cm-protein was applied 
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to a Sephadex G-50 superfine column (F ig. 17). A l l the incorporated radioac­
t i v i t y was associated with S-carboxymethylcysteine residues. Pool I yielded 
peptide Τ 14 in pure form. The fol lowing fract ions were analyzed by peptide 
abeofbance • 10 3 «[Зм] counts / т ю 
1 5 η 
Fig. 17 РиЛА.£л.саХіоп ofi the. cyiteAnz-contairiLng &iypt¿c pzptidu od LAP. 
A t r yp t i c digestion mixture of [2-3H]-Cm-protein was applied to a 
Sephadex 6-50 superfine column (120 χ 1.6 cm) in 0.1 M ammonia and eluted with 
the same solvent at a flow rate of 6 ml/h. Fractions of 2 ml were col lected. 
From each f r a c t i o n 50 μΐ was traced f o r r a d i o a c t i v i t y ( - · — · · - ) . Frac­
tions were pooled as indicated. Pool I I up to VI were further p u r i f i e d by 
peptide mapping. 
mapping. Pool I I contained peptide Τ 3 1 , pool I I I Τ 30 and Τ 4 1 , pool IVT36, 
pool V Τ 43 and pool VI Τ 13. The amino acid compositions of the cysteine-
containing t r y p t i c peptides are l i s t e d in Table XX. For completion and con­
f i rmat ion of t h e i r sequences, peptide Τ 14, Τ 31 and Τ 41 were subdigested 
with ei ther chymotrypsin or thermolysin and/or staphylococcal protease. The 
amino acid compositions of the peptides obtained from subdigestion are pres­
ented in Table XXI. Evidence for the sequence determination of these peptides 
is given in Fig. 18. In the case of peptide Τ 14 the sequence could be deduced 
from peptide Τ 14a and Τ 14b, which were p u r i f i e d from a t r y p t i c digest of 
fragment CB 1 of Ae-LAP (Table XXII). The amino acid sequences of Τ 14, Τ 30, 
Τ 31 and Τ 41 complete the sequences of fragments CB 1, S P 2 3 2 " 3 0 4 and CB 11. 
PufLtiiccLtcon 0($ the. COOH-tMmlnal hydsioxylxxminz {¡lagmznt (HA 2) o{¡ izduczd 
and S-alkyiatzd LAP. Treatment of S-alkylated LAP with hydroxylamine generat-
ed two major cleavage products of apparent molecular weights of 39,000 and 
15,000, respectively (F ig. 19). After a cleavage time of 4 h the cleavage 
percentage was about 50%. The mixture was chromatographed on a Sephadex G-100 




Τ 13 Ala-Ala-Val-Ala-Ala-Gly-Cys-Arg 
100 110 
Τ 14 Gln-Ile-Gln-Asp-Leu-Glu-Ile-Pro-Ser-Val-Glu-Val-Asp-Pro-Cys-Gly-Asp-Ala-Gln-Ala-Ala-






 N „ — J Ц Ь - ч ч τ • 
С 2 — С 3_ 
~
7
 ~^ с~^-з^— 
— 7 - > - > -
SP 4 • ~ SP 5 
280 
Τ 30 Ala-Asp-Met-Gly-Gly-Ala-Ala-Thr-Ile-Cys-Ser-Ala-Ile-Val-Ser-ЛІа-ЛІa-Lys 
290 300 310 
Τ 31 Leu-Asp-Leu-Pro-1le-Asn-Il e-Val-Gly-Leu-Ala-Pro-Leu-Cys-Glu-Asn-Met-Pro-Ser-Gly-Lys 
Th 1 • -Th 2 — -ι Th 3 • Th 4a • 
~7~7~7~~7~7~~7~7~~7~7 __ ^ 3 Th 4 • 
340 350 
Τ 36 Leu-Ile-Leu-Ala-Asp-Ala-Leu-Cys-Tyr-Ala-His-Thr-Phe-Asn-Pro-Lys 
-»->-»-»-H>-»-»-> 
410 420 
Τ 41 Gln-Val-Ile-Asp-Cys-Gln-Leu-Ala-Asp-Val-Asn-Asn-Ile-Gly-Lys 




Τ 43 Ser-Ala-Gly-Ala-Cys-Thr-Ala-Ala-Ala-Phe-Leu-Lys 
F^g. Ji Amóio acxd scqumce. deXzAminatlon oi thz cy-iteÁm-containing txyptia 
pzptidu oi LAP. 
f ract ions were analyzed by SDS gel electrophoresis (Fig. 19). Determination 
of the NH2-terminal residue of pool I and I I yielded threonine and of pool 
IV glycine, which proved the 39,000 dalton fragment to be the NHa-terminal 
fragment (HA 1) , and the 15,000 fragment the COOH-terminal part of the chain 
(HA 2). Pool IV (Fig. 20) obtained from Ae-LAP could be pur i f ied fur ther by 
ion-exchange chromatography on Cm-cellulose (F ig . 21) in the presence of 7 M 
urea. Pool I (Fig. 21) contained unident i f icable fragments. The l ^ - t e r m i n a l 
residue found in pool I I was threonine, and analysis of a t r yp t i c digest show-
ed only peptides which were also isolated from fragment CB 1 , including pep-
t ide Τ 1. We concluded that pool I I contained a product of non-specific 
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*· — 15,000 
F¿g. /9A SOS-polyacAtjZamLde. gol eltLCÙiophoAtili oí S-aZkylatzd LA? а ^ е л 
c-izcLvage. by hydAoxyZamint. 
a) Marker proteins; b) S-alkylated LAP; c) hydroxy! ami ne treatedS-alkylated 
LAP. 
В SDS-po¿ya.cAylam¿dz gel elzcÜLophoiuli oithzpoolzdiHactiovit, oí the. Szph-
ad&x G-100 column (F-tg. 20). 
Pool I-IV of the Sephadex G-100 column of the separation of the hydroxyl-
amine fragments were analyzed by SDS gel electrophoresis. 
absorbante (280 nm) 
Ο.β 
0 . 6 -
0 4 
0.2 
4 0 0 6 0 0 7 0 0 
elution volume (ml) 
F-tg. 20 Cklomatogmphy oí thz 
hydsioxytaminz ínag-
m&ntb oí reduced and S-aZkyl-
atzd LAP. 
Approximately 300 mg of lyo-
phi l i zed HA fragments was ap-
pl ied toa column (200 χ 3.5 cm) 
of Sephadex G-100 f i n e , and 
eluted with 10% (v/v) acetic 
acid containing 6 M urea at a 
flow rate of 10 ml/h. Fractions 
were pooled as indicated. Pool 
IV was further pur i f iedby ion-
exchange chromatography (Fig. 
21). 
cleavage in the N^-terminal part of the polypeptide chain. Pool I I I yielded 
fragment HA 2 in pure form. The amino acid composition is l i s t e d in Table 
XXII I . The NH2-terniinal amino acid sequence of HA 2 was determined up to res­
idue 27 by automated Edman degradation (Table XXIV). 
Pwu-ílcatíon oí CMß/t ÍJuigmznti oí reduced and S-a¡ninoeXhy¿tLte.d hydnoxylamlnz 
ÍAagmznt 2. For the purification of CNBr fragments of HA 2 we used the incom-
- 5 6 -
absorba псе 
Fx.g. 21 PuJu-l^catLon o{¡ {¡Hagmonit 
HA 2 o (J Ae-LAP Ьу-сои-ех-
changt chAomatogfuiphy. 
Pool IV of the G-100 column (F ig. 
20) was applied to a column 
( 8 . 0 x 2 . 0 cm) of Cm-cellulose in 
0.01 M NazHPO ,^ pH 5.8, contain­
ing 7 M urea, andeluted by means 
of a l inear gradient made of 200 
ml s t a r t i n g buffer (0.01M МзгНРО^, 
pH 5.8) and 200 ml l i m i t buffer 
(0.04 M Ма2НР0ц, pH 8.0) at a 
flow rate of 20 ml/h. Fractions 
were pooled as indicated. 
absorbance 
plete ly pur i f ied material of pool IV of the Sephadex G-100 column of F ig. 20, 
because further p u r i f i c a t i o n by ion-exchange chromatography gave too low 
yields of HA 2. The contaminating fragment in pool IV (Fig. 20), or ig inat ing 
from the NH2-terminal part of LAP, was not cleaved by CNBr and did not i n t e r ­
fere with the p u r i f i c a t i o n of CNBr fragments of HA 2. The CNBr cleavage mix­
ture of HA 2 was fract ionated on Cm-cellulose in the presence of 7 M urea 
(Fig. 22), followed by gel f i l t r a t i o n on Sephadex G-50 superfine and pep­
t ide mapping. Gel f i l t r a t i o n of pool I and pool I I of the Cm-cellulose 
F-tg. 22 lon-zx.cha.yige. dnAomcuto-
QUaphy oi tht CM&t 
{¡fLa.gme.nti οζ {¡ладт&пі НА 2 ob-
t<u.ne.d ¿лот Ae-LAP. 
Approximately 50 mg of l y o p h i l -
ized CNBr fragments was applied 
to a column (10.0x2.0 cm) of 
Cm-cellulose inO.01 MNa2HP0lt, 
pH 5.8, containing 7 M urea, 
and eluted by means of a l i n ­
ear gradient made of 200 ml 
s t a r t i n g buffer (0.01 MNa2HP0lt, 
pH 5.8) and 200 ml l i m i t buf­
fer (0.03 M NazHPO,,, pH 8.0). 
Fractions werepooledas i n d i ­
cated. Pool 1 ,11, I I I , V I I and 
V I I I were further p u r i f i e d by 
elul on volume Imi) g g ] f η ] ^ Э t l ОП , pOOl V I Ьу р б р -
tide mapping. 
column gave the same r e s u l t s ; both pools contained two fragments, namely CB 9 
and CB 10. Gel f i l t r a t i o n of pool I I I (F ig. 22) is shown in Fig. 23. Pool I I I 





75 100 125 
elution volume (ml) 
F-tg. 23 ?uAA.{iA.ccuU.on oi CUBx {¡fiagmznti o^ (¡Hagmznt HA 2 obtaimd {¡lom Ae-LAP. 
Pool I I I of the Cm-cellulose column (F ig . 22) was applied to a column 
(110x1.6 cm) of Sephadex G-50 superfine in 20% (v/v) acetic acid and eluted 
with the same solvent at a flow rate of 6 ml/h. Fractions were pooled as i n -
dicated. 
fragment of HA 2 in pure form (HA 2-CB 8b). The other pools contained no i n -
formative mater ia l . Pool IV and V of the Cm-cellulose column (Fig. 22) were 
also not informative. Peptide mapping of pool VI (F ig . 22) yielded fragment 
CB 12. Pool VII and V I I I (F ig. 22) were analyzed by gel f i l t r a t i o n on Seph-
adex G-50 superfine. In both cases only a single peak was obtained, contain-
ing fragment CB 11 in pure form. Tryptic digestion and peptide mapping of 
pool IX of the Cm-cellulose column (Fig. 22) showed that th is pool contained 
the fragment resul t ing from incomplete cleavage between CB 11 and CB 12 at 
methionine 253 and some other impuri t ies. In conclusion, fragment HA 2-CB 8b, 
CB 9, CB 10, CB 11 and CB 12 can be pur i f ied from fragment HA 2. The amino 
acid compositions of the pur i f ied fragments are included in Table I I I . 
Sequence anaíyili, o¿ inagmznt HA 2-CB Eb. Fragment HA 2-CB 8b of Ae-LAP was 
investigated in order to complete the sequence of CB 8. Tryptic digestion f o l -
lowed by peptide mapping yielded peptides Τ 34b through Τ 37a (Table XXV). 
The amino acid composition of peptide Τ 36 is l i s t e d in Table XX. The amino 
acid compositions of the p u r i f i e d thermolytic peptides of HA 2-CB Sbarepres-
ented in Table XXVI. The accumulated evidence f o r t h i s sequence of fragment 
HA 2-CB 8b is given in Fig. 24. Evidence for the overlap between Τ36 and Τ 37a, 
which involved only one residue, was deduced from comparison of the amino 
acid composition of HA 2-CB 8b with the sum of the individual amino acids 
obtained from the sequence results (see Table I I I ) . 
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330 340 
Gly-Lys-Thr-Il e-Gl η-Val -Asp-Asn-Thr-Asp-Ala-Glu-Gly-Arg-Leu-Il e-Leu-Al a-Asp-Ala-Leu-Cys-Tyr-
_ ^ _ ^ ^ ^ _:ì> _ ^ _ ^ _i^-j^ _ Ä _ ^ _ ^ _ ^ _ i _s>.—^ _ ^ _ Ä _ ^ _ ^ _^. _ Ä 
^
3
^->->-^-^3^=> =Г~ =7-ï->^^-*=^ 36 -
ι Τ 36a • -ι 
— Th 1 — -ι Th 2 Th 3 • — Th 4 ^ 
350 360 
Ala-His-Thr-Phe-Asn-Pro-Lys-Val-Ile-Ile-Asn-Ala-Ala-Thr-Leu-Thr-Gly-Ala-Hse 
• -. Τ 37a • 
Τ 36b 





~~7 IZ-Th 6a7-—^ T ^ 7 ^ T h 7 ? - 7 - ^ ' ^ 7 ~~F^ 
F¿g. 24 РлоролЫ amino add ¿equence о^ CB &Ь, thz ЫН^-іелтіпаЛ СА/Вл. ^ftagtmnt 
Ojí HA 2. 
The residues 333-338 were obtained from a l iqu id phase sequencer run of f rag-
ment HA 2 (Table XXIV). The sequencer run also confirmed the alignment of the 
peptides Τ 34b to Τ 36. 
Sequence avuiÍy¿¿& о^ {¡naqmint CB П . The amino acid compositions of the t r y p -
t i c peptides of CB 11 of Ae-LAP obtained from peptide mapping are shown in 
Table XXVII. Peptide Τ 41a could not be isolated in this way. The amino acid 
compositions of the peptides Τ 41 andT43 were derived from the [3H]-S-carbox-
ymethylcysteine-containing t r y p t i c peptides (see Fig. 18). Overlaps between 
the t r y p t i c peptides were determined with the aid of chymotryptic, thermolyt-
ic and staphylococcal protease peptides of CB 11. The amino acid compositions 
of these peptides are presented in Tables XXVIII, XXIX and XXX, respectively. 
Sequence determination of the peptides and evidence for the alignment of the 
t r y p t i c peptides are shown in Fig. 25. A l l overlaps between t r y p t i c peptides 
involve at least two residues. The results of the sequence determination of 
CB 11 is in good agreement with the amino acid composition of th is fragment. 
PuX¿{¿dat¿on and-izquznce. апаЛуьІА oi ¿taphyloccoal pAotea&e. pzptidz SP232"301* 
0)5 Ae-LAP. Because we did not succeed in the pur i f i ca t ion of the CNBr f rag-
ment representing residue 275-306, this part of the sequence was deduced from 
the fragment SP 2 3 2 " 3 0 4 . Ae-LAP was digested with staphylococcal protease in 
the presence of 2 M urea. The digestion mixture was chromatographed on Seph-
adex G-75 f ine (Fig. 26). Pool I of this e lut ion pattern was rechromatograph-
ed on a Sephadex G-75 column (Fig. 27). Pool I of Fig. 27 contained fragment 
Sp232-304 -¡η
 a - i m o s t pure form. Fragment SP2 3 2"3 0 1* was digested with t rypsin 
and the result ing peptides were separated by peptide mapping. The amino acid 
compositions of the t r y p t i c peptides are presented i n Table XXXI. The se-
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400 410 420 
Pro-Leu-Phe-Glu-His-Tyr.-Thr-Arg-Gl η-Val -Ile-Asp-Cys-Gln-Leu-Ala-Asp-Val-Asn-Asn-Ile-Gly-Lys-
Τ 40b • Τ 41 • 
Τ 41b 
С 1 С 2 
С 1-2 
Th 1 Th г— ThJ3 Th 4_ 




.Τ 42 — Τ 43 ^ ^ ^ Λ 4 ^ ^ ^ —=F 
Τ 43a — 
С 3 
Τ 43b 
С 4 С 5 
Th б 
SP 3 
— Th 7 Th 8 Th 9 
SP 4 SP 5 
His-Leu-Asp-Ile-Ala-Gly-Val-Hse 
Τ 45a • 
С 6 
- С 5 a ~ 
^ 7 h " 7 o — • »Th 12-
~
7
 T 7 - 7 Th 11 • ~7 " ^ 
1 3 — • „ — Ζ Ξ sp 6 • 
F-cg. 25 РлоробЫ amino acid izquznct о^ {¡Aagimnt CB 11. 
The amino acid sequence of the peptides Τ 41 and Τ 43 is presented 
in Fig. 18. 
F-tg. 26 Cknomatogiapky o i a 
itaphylocodcaJL p-toie-
oie cLigz&t oí Ae-LAP. 
Approximately 50 mg of l yoph i l -
ized digestionmixture was ap-
pl ied toa column (110 x2.0 cm) 
of SephadexG-75 f ine and e lu t -
edwith 0.1 M ammonia at a flow 
rate of 13 ml/h. Pool I was 
fur ther puri f i ed by gel f i l t r a -




F¿g. 27 PuAiiZcAtion о^ thz 
¿taphylococcaZ pKotz-
алг pzptldz SP232"301*. 
Pool I (Fig. 26) was applied 
to a column (110x1.3 cm) of 
Sephadex G-75 fine and eluted 
with 0.1 M ammonia at a flow 
rate of 9 ml/h. Pool I con­
tained the fragment in almost 
pure form. 
1СЮ 125 
elution volume Imi) 
quence of Τ 30 and Τ 31 is described in Fig. 18 and is p a r t i a l l y confirmed by 
the sequence analyses of Τ 30a, Τ 30b and Τ 31a (Fig. 28). Overlaps of the 
t r y p t i c peptides were deduced from a chymotryptic digest of SP2 3 2"3 0 1* (Table 
XXXII; Fig. 28). Overlap Τ 29-T 30a is confirmed by the sequence of CB5(res. 
240 250 
Ile-His-Tyr-Lys-Gly-Ser-Pro-Asn-Ala-Ser-Glu-Pro-Pro-Leu-Val-Phe-Val-Gly-Lys-Gly-Ile-Thr-Phe-
^ Τ 26b — • Τ 27 • » 
— С 1 — · С 2 С 3 
260 270 
Asp-Ser-Gly-Gly-11 e-Ser-11e-Lys-Ala-Al a-Ala-Asn-Het-Asp-Leu-Met-Arg-Ala-Asp-Met-Gly-Gly-Ala-




 ς ^—• -.






С 4 С 5 — С 6 
С 4Ь-5 
С 4а С 4Ь 
280 290 300 
Ala-Thr-ne-Cys-Ser-Ala-Ile-Val-Ser-Al a-Ala-Lys-Leu-Asp-Leu-Pro-ne-Asn-Ile-Val-Gly-Leu-Ala-
Pro-Leu-Cys-Glu 
m l M: 
С 7 
Τ 31 290-304 
С 3 
~— С 7а — 
— С 7b» 
-^С 9 * 
F-¿g. 2& Amino acid ¿equewce ofa ¿taphylococcaJi pnoticibz pzptidz S P 2 3 2 " 3 0 I + . 
This sequence established the alignment of the CNBr fragments CB 4-
CB 5-CB 6 and the sequence of the residues 275-304. 
268-270) and CB б (res. 271-274). The overlap between Τ 30b-T 31a involved 
only one residue, but was confirmed by p a r t i a l p u r i f i c a t i o n of t r y p t i c pep-
- 6 1 -
t ides from citraconylated LAP (results not shown). The overall sequence is 
presented in Fig. 28. The sequence of SP 2 3 2 - 3 0 4 established the alignment of 
the CNBr fragments CB 4-CB 5-CB 6 and the sequence of residues 275-304. The 
amino acid composition of SP2 3 2"3 0 4 (Table XXXII I ) , which was indeed not com-
pletely pure, and therefore not in f u l l agreement with the sequence determi-
nat ion, provided nevertheless evidence that no t r yp t i c or CNBr peptides had 
been missed in th is fragment. 
ALígme.nt oí the. СМВк {nagmznto o(¡ HA 2 and comptztz ¿zquzncz od th¿& {¡w.g-
mznt. The accumulated evidence for the sequence of HA 2 is presented in Fig. 
29*. Pur i f icat ion of a t r yp t i c digest of HA 2 of Ae-LAP by peptide mapping 
yielded two methionine containing peptides Τ 40 and Τ 45 (Table XXXIV). Pep­
t ide Τ 45 contains a Lys-Asp bond which was not cleaved by t r y p s i n . The par­
t i a l sequences determined on these peptides are presented in Fig. 29*. The 
peptides obtained from a t r y p t i c digest of citraconylated HA 2 of Ae-LAP were 
chromatographed on Sephadex G-50 superfine (F ig. 30). Fraction I , containing 
a mixture of the peptides HA 2-Tc 1 and HA 2-Tc 4, was subdigested by chymo-
F-tg. 30 ChfLomatogw.phy о{, thz 
fyiyptLz pzptidti o{¡ 
cAtAaconylatzd HA Ζ o<5 Ae-LAP. 
Approximately 20 mg of the lyo-
phi l i zed digestion mixture was 
applied to a column (110x1.7 
cm) of Sephadex G-50 superfine 
in 0.1 M ammonia and elutedwith 
the same solvent a ta flow rate 
of 6 ml/h. Fractions were pool­
ed as indicated and decitracon-
y l a t e d . 
t rypsin (Table XXXV) and thermolysin (Table XXXVI). The NH2-terminal residues 
of these peptides were determined by dansylation ( F i g . 29*). Pool I I (Fig. 30) 
also contained a mixture of HA 2-Tc 1 and HA 2-Tc-4. Pools I I I up to VI were 
analyzed by peptide mapping. The amino acid compositions of the pur i f ied pep­
tides are shown in Table XXXVII and the sequence determination is given in 
Fig. 29*. 
A chymotryptic digest of HA 2 of Cm-LAP was fractionated on a Sephadex G-
*See page 64-65. 
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TOO 150 200 250 
еіиіюп volume (ml) 
50 superfine column (Fig. 31). Pool I contained undigested HA 2. Pools II, H I 
and IV were subjected to ion-exchange chromatography on DEAE-cellulose. Pools 
V up to VII were analyzed by peptide mapping. The amino acid analyses of the 
absorbance 
200 240 
ekjtion volume (ml) 
F-ig. 31 СкиотаЛодшрку о^ the. 
chymofiyptit pzptidu 
oi ^Kagmznt HA 2 obtaimd {¡lorn 
Cm-LAP. 
A digestion mixture was applied 
to a column (110x1.7 cm) of 
Sephadex G-50 superfine and 
eluted with 0.1 M ammonia at a 
flow rate of 8 ml/h. Fractions 
were pooled as indicated. Pool 
II up to IV were further puri-
fied by ion-exchange chromato-
graphy, V up to VII by peptide 
mapping. 
chymotryptic peptides are listed in Table XXXVIII and the sequence analysis 
is recorded in Fig. 29*. Some thermolytic peptides of HA 2 of Ae-LAP were iso-
lated after performic acid oxidation and purified by peptide mapping. Two 
thermolytic peptides, which were Ehrlich positive, contained also methionine, 
HA 2-Th 2 and HA 2-Th 3 (Table XXXIX). Two other methionine-containing ther-
molytic peptides were purified by diagonal electrophoresis at pH 6.5; HA 2-Thl and 
HA 2-Th4 (Table XXXIX). The partial sequence of the thermolytic peptides is pres-
ented in Fig. 29*. HA 2 of Ae-LAP was digested by staphylococcal protease in 
2 M urea. After desalting over Sephadex G-10 the resulting peptide mixture 
was purified by peptide mapping. Five peptides were obtained (Table XL) and 
partially sequenced (Fig. 29*). 
The sequence results providing evidence for the amino acid sequence of HA 
2 are shown in Fig. 29*.The overlap between HA 2-CB 8b and HA 2-CB 9 (res. 
364-365) is confirmed by peptides HA 2-C 3, HA 2-Tc 1-Th 3 and HA 2-Th l.The 
alignment of CB 9 and CB 10 is supported by the amino acid composition and 
partial sequence of peptide HA 2-Th 2. The overlap is confirmed by subdigest-
ion of peptide HA 2-Tc 1 with chymotrypsin (Table XXXV). The peptides HA2-C7, 
HA 2-Th 3 and HA 2-SP 3 clearly establish the overlap between the frag-
ments CB 10 and CB 11. The alignment CB 11-CB 12 is indicated by the amino 
acid composition and partial sequence of Τ 45, and further established by pep­
tides HA 2-Tc 4-Th 8 and HA 2-Th 4. Further evidence for the sequence CB 11-
CB 12 was obtained from the analysis of pool IX of the Cm-cellulose column 
'See page 64-65. 
-63-
See opposite site: 
F¿g. 29 РкоролЫ amino acÂd izquzncz o{¡ {¡nagmtnt HA 2. 
The amino acid sequence was deduced by a combination of the results 
of CNBr fragments (Figs. 16, 24 and 25) and peptides establishing the align-
ment of CNBr fragments. 
-64-
330 340 350 
Gly-Lys-Thr-Πe-Glη-Val-Asp-Asn-Thr-Asp-Ala-Glu-Gly-Arg-Leu-Il e-Leu-Ala-Asp-Ala-Leu-Cys-Tyr-A1a-His-Thr-Phe-Asn-Pro-Lys-Val -Ile-Ile-
_ ^ _^ _^ _^ -Ji, ^ і ^ ^ ώ . _ ^ ^ і ^ ^ і . _^ _^ _ ^ _^ ^іі ^ ϋ>. -J^ ^ s . _ ^ _ ^ _ ^ _ ^ ^ _ ^ _ ^ 
С 1 
-.Tcl-Cl- — Tcl-C2 — -— Tcl-СЗ 
~
7
 — TcT-Thl — 
• С 2 — ^ І 
С la 
SP 1 







— С 4 -
Тсі-Сб 
— С 5 -
Th 2 
·—> 
390 400 410 420 
Ser-Ile-Glu-Thr-Gly-Asp-Arg-Val-Trp-Arg-Met-Pro-Leu-Phe-Glu-His-Tyr-Thr-Arg-Gln-Val-Ile-Asp-Cys-Gln-Leu-Ala-Asp-Val-Asn-Asn-Ile-Gly-
» - Τ 40 • 
• ^ _ Tc 2 — Tc 3 • 
Tcl-C7 
^ - ^ > ^ — > 
С 7 С 8 
Th 3 
SP 2 SP 3 SP 4 
430 440 450 
Lys-Tyr-Arg-Ser-Ala-Gly-Ala-Cys-Thr-Ala-Ala-Ala-Phe-Leu-Lys-Glu-Phe-Val-Thr-His-Pro-Lys-Trp-Ala-His-Leu-Asp-Ile-Ala-Gly-Val-Met-Thr-







^ ^ С 10 — 
Tc4-C3 • 
- Tc4-Th4 —Tc4-Th&-Tc4-Th6—Tc4-Th7— •; 
С 11 Ξ Ζ ^ с 12 
— С Ila — 
— Th 4 
.. SP 5 
460 470 
Asn-Lys-Asp-Glu-Val-Pro-Tyr-Leu-Arg-Lys-Gly-Met-Ala-Gly-Arg-Pro-Thr-Arg-Phe-Ser-Gln-Asp-Ser-Ala 







Fig. 22, which contained the incomplete cleavage product CB 11-12. The CNBr 
fragment representing residues 467-478 was never p u r i f i e d . The sequence 467-
478 was deduced from the peptides HA 2-Tc 5 and HA 2-Tc 6. Peptide HA 2-Tc 5 
also determined the sequence around Met-466. The order of HA 2-Tc 5 and HA 2-
Tc б was only based on the f a c t , that the residue proceeding peptide HA 2-Tc 
6 should be an argin ine, and because comparison of the amino acid composition 
of HA 2 with the number of residues of the basic amino acids lysine and arg­
inine obtained from the sequence determination (Table XXIII) indicate that no 
citraconyl peptide was l o s t . We consider peptide HA 2-Tc 6, which terminates 
with alanine, as the COOH-terminal peptide of HA 2 and hence of the tota l 
polypeptide chain of LAP. This peptide was also p u r i f i e d from a t r y p t i c pep­
t i d e map of HA 2 and from a t r y p t i c peptide mixture of citraconylated LAP 
(results not shown). 
PuAl^iccLtion o{¡ puptidu uiabtlihlng tkz о глЫр o& CB-(
І
плдте.пи>. In order 
to establish the overlap CB 1-CB 2, a peptide (res. 170-205) was isolated from 
a t r y p t i c digest of citraconylated Ae-LAP. The digestion mixture was chroma-
tographed on G-75 (Fig. 32). Pool I was subsequently subjected to ion-exchange 
chromatography on a DEAE-cellulose column (F ig. 33) y ie ld ing a pure fragment 
fig. 32 Ftuictioncution OjJ the. Ьхур-
tic peptldeA o i cÁtnacon-
ytcLtzd Ae-LAP. 
Approximately 80 mg of the c i t r a -
conylated digestion mixture was ap-
pl ied to a col umn ( 140 χ 2.0 cm) of 
Sephadex G-75 f ine eluted with 0.1 
M ammonia at a flow rate of 10 ml / h . 
Pool I was deci traconylated and sub­
jected to ion-exchange chromato­
graphy (F ig. 33). 
2O0 300 400 500 
elution volume (ml) 
j c i7o-205 (pool I ) . This fragment was digested wi th t rypsin and with staphyl­
ococcal protease. The p u r i f i e d t r y p t i c peptides Τ 22 to Τ 24 are l i s t e d in 
Table XLI. Staphylococcal protease digestion yielded s ix peptides of which 
the amino acid analyses are presented in Table XLI. Peptide Tc 1 7 0 " 2 0 5 -SP 1 
was subjected to four cycles of Edman degradation. The sequence established 
the overlap CB 1-CB 2 (Fig. 34). This citraconyl peptide had COOH-terminal 
-66-





Pool I of the Sephadex G-75 c o l ­
umn (Fig. 32) was dissolved in 
0.05ММН4НС0з, pH 7.8, andbrought 
onto a column (10.0x1.0 cm) of 
DEAE-cellulose (DE-52) e q u i l i b ­
rated in the same buffer . Elu­
t i o n was performed with a l inear 
gradient made of 250 ml s t a r t i n g 
buffer and 250 ml of l i m i t buf­
f e r (0.3 M NMCO3, pH 7.8) at a 
flow rate of 20 ml/h. Pool I con­
tained the peptide in almost pure 
form. 
lys ine, probably because Pro-204 hindered the blocking of Lys-205 by c i t r a -
conylation. 
170 180 190 
Leu-Met-Glu-Thr-Pro-Ala-Asn-Glu-Met-Thr-Pro-Thr-Lys-Phe-Ala-Glu-Ile-Val-Glu-Glu-Asn-Leu-Lys-
Τ 22 • 
SP 1 • SP 2 • SP 3 • -«— SP 4 — 
200 
Ser-Ala-Ser-Ile-Lys-Thr-Asp-Val-Phe-Ile-Arg-Pro-Lys 
, Τ 23 • Τ 24 • 
SP 5 SP 6 • 
F-új. 34 Amino acÁd ¿equence dzteAmincutlon o{¡ pzptidz Те 1 7 0 - 2 0 5 о^  сАЛллсопуІ-
attd LAP. 
This sequence established the order CB 1-CB 2. 
The overlap CB 2-CB 3 was established by the purification of peptide τ 1 7 2 - 1 8 2 . 
Tryptic digestion and peptide mapping of pool II (Fig. 8), which contained a 
mixture of two fragments (CB 2-3 and CB 4) yielded peptide τ 1 7 2 " 1 8 2 , togeth­
er with the tryptic peptides of CB 3 and CB 4. The amino acid composition is 
shown in Table XLII and the sequence determination up to residue 9 in Fig. 
35. The sequence confirms the overlap between the fragments CB 2 and CB 3 
(Fig. 4). 
To confirm the overlap between CB 3 and CB 4 peptide Τ 25 was isolated. 
Analysis of pool II (Fig. 17) by peptide mapping yielded one negatively charg­
ed peptide (T 25) which contained tryptophan, as determined by Ehrlich's 
staining. The amino acid composition is presented in Table XLII and the amino 
acid sequence, determined up to the penultimate residue, in Fig. 35. The se­
quence of Τ 25 established the alignment CB 3-CB 4 (Fig. 4). This overlap is 
ΝΗ 4 HC&j ( M ) 
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also confirmed by the t r y p t i c map of pool I in Fig. 7. This f r a c t i o n contain­
ed an almost pure fragment, that resulted from the incomplete cleavage be­
tween CB 3 and CB 4 at Met-213. Peptide Τ 25 was again p u r i f i e d , and yielded 
the same amino acid composition as shown in Table X L I I , except that homo-
serine replaced methionine (results not shown). 
Peptide Sequence 
, 7 ? . l n 2 172 180 
Tu 1 D Glu-Thr-Pro-Ala-Asn-Glu-Hse-Thr-Pro-Thr-Lys 
210 220 
Τ 25 Ser-Trp-Ile-Glu-Glu-Gln-Glu-Met-Gly-Ser-Phe-Leu-Ser-Val-Ala-Lys 
F-tg. 35 Amino a.cÄ.d ¿щагпсе. deXztmLnatíon о^ paptídoA глЫЫІіІьіпд the. о ел-
la.p о i CÑBA- ¿Aagmznti. 
The alignment of the fragments CB 4-CB 5-CB 6 is confirmed by the sequence of 
SP232"301* (Fig. 28). The amino acid sequence of peptide Τ 31 (F ig. 18) pro­
vided the overlap between SP2 3 2"3 0 1* and CB 8. The remaining overlaps are es­





Table III. Aniño dcid composition of the cyanoqen brODide fragments purified fron 
reduced and S-alkylated leucine amnopeptidase and from hydroxylamine fragment 2 
Values are given as the number of residues per fragmert as detprmined by amino 
acid analysis Values between brackets are the actual values found in the sequence 
Values for valine and isoleucine were taken from the 72 h hydrolysate and values 









































5 2 (5) 
0.4 (9) 
0.7 (1) 
25 0 (26) 
6.3 (6) 






3 7 (4) 
5 3 (5) 
3 2 (3) 
13.8 (14) 
8.0 (8) 
η d (2) 
C8 3 
г г (2) 
3 О (3) 
2 9 (3) 
1 0 (1) 
7.0 (7) 
2 5 (2) 
ca 4 
ι г (i) 
1.1 (1) 
1 0 (1) 
1.9 (2) 
1 0 (1) 
0.9 (1) 2 1 (2) 
2.0 (2) 
3 7 (4) 
1 2 (1) 
1.8 (2) 
3 7 (4) 
1 0 (1) 
n.d (1) 
3 2 (3) 
09 (1) 
6 7 (7) 
1 0 (1) 
4.0 (4) 
5 2 (5) 
7 0 (7) 
5 1 (5) 
4.1 (4) 
4 0 (4) 
3 2 (3) 
1 0 (1) 
4.2 (4) 
1.0 (1) 
4 2 (4) 
1 0 (1) 1.0 (1) 
1.0(1) 10(1) 
1.0 (1) 
1 0 ¡1) 
0.9 (1) 
Total 171 7 35 54 3 4 
Fragments 
CB вьЕ-ί С9 9£ CB 10? CB lì- CB 12? 
6.1 (6) 
5.1 (5) 











0 9 (1) 
1.0 (1) 








О 9 (1) 
0.9 (1) 
1.0 (1) 
2 0 (2) 
3 0 ( 
2.1 [ 
О 9 ( 
1.1 ( 
ι ι ( 
1 1 
1.1 
0 9 (1) 
L O (і) 
1 3 (1) 
1.0 (I) 1.0 (1) 







4 О (4) 
2 0 (2) 
2 9 (3) 








3 0 (3) 
2 4 (2) 
n.d (1) 




1 1 (1) 
1.2 (1) 
1.2 (1) 
1 0 (1) 
1 0 (1) 
2 0 (2) 
1.1 (1) 
54 
n.d. = not detemined 
rdetemined as S-carboxymethylcysteine 
'detennned as S-aiatnoethylcysteine 
jpunfied from HA 2 
-CB 8b Is the first cyanogen brcnide fragment of НЛ 2 
Table II Automatic Edman degradation of bovine lens leucine aminopeptidase 
ApprOKimately 0 5 umol of sample was subjected to autonatic Edman degradation in 
a Beekman sequencer Residues were identified as pnenylthiohydantoin by thin-layer 


















































The NH.-terminal threonine was also identified by dansylation 
Table IV Amino acid compositions οΓ the tryptic peptides of CB 1 
Peptides were isolated by gel filtration on Sephadex G-50 (A), by peptide mappinri (B), 
after re-electrophoresis at pH 3 5 (C), and by ion-eichange chromatography on DEAE-cel-
lulose (0) Peptide Τ 2 was not isolated 
Peptides 
Τ 1 Τ 2 
Asp 2 9(3) С 9(1) 0.9(1) 
Thr 0 9(1) 1 0(1) 1 0(1) !.0(1) 
Ser (1) 0 9(1) 0 9(1) 0 9(1) 1 0(1) 
Glu S.6(6) 1 1(1) 1 0(1) 
Pro 1 2(1) 1 9(2) 1.0(1) 
Gly (2) 1 0(1) 1 2(1) 1 2(1) 1 0(1) 3.2(3) 
Ala 1 0(1) 1 0(1) 
Val (1) 1 0(1) 3 2(4)3 
Ile (1) 1 8(2) 
Leu (2) 0 9(1) 1.0(1) 2.0(2) 2.3(2) 
Туг (1) 0 9(1) 
Phe 1 9(2) 1 0(2) 
His 1 0(1) 
Lys 1 0(1) (1) 1 9(2) 1 0(1) 1 0(1) 1.0(1) 1.0(1) 1 0(1) 
Arg 1.0(1) 1 0(1) 
Total 2 (9) 18 5 2 11 3 2 19 1 
Yield! OÍS - ЗВ 36 ΊΟ 50 25 26 10 10 
Pun f AB «В AB AB AB AB AB № AB 
Charge •! -3 »1 tl 0 •! »1 0 »1 
Peptides 
Τ 10-11 Τ 11 
Asp 1 9(2) 1 β(?) 1 0(1) 4.5(5) 2 1(2) 2 7(3) 
Thr 0 9(1) 1.0(1) 
Ser 0 7(1) 0 9(1) 0 9(1) 
Glu 4 0(4) 3 8(4) 1.0(1) 6.8(7) 4.2(4) 3.0(3) 1.0(1) 
Pro 1.9(2) 2.0(2) 
Gly 2 2(2) 2.0(2) 1 1(1) 2.1(3) 2 5(3) 
Ala 1 1(1) 1 2(1) 3.9(4). 4 6(5)h . 4 9(5) 1 0(1) 
Cys 1.0(1)6 o.8(l)S о 9(1)£ 
Va) 1.0(1) 2.5(3) 1.8(2) 0.9(1) 2.4(3)5 
Ile 1.0(1) 1 1(1) 1 0(1) 1 6(2) 1.9(2) 
Leu 3.7(4) 1 1(1) 2 2(3) 
Туг 1.3(2) 1 5(2) 
His 1 0(1) 1 0(1) 
Lys 2 0(2) 10(1) 1.0(1) 0 9(1) 10(1) 1.0(1) 2.0(2) 
Arg 10(1) 1.1(1) 0 9(1) 
Trp • (1) • (1) 
Total 15 M 4 0 36 15 21 3 1 7 
Yield! ) 8 30 42 23 75 8 6 11 18 13 
Pur if AB AB ABC A8C A AB AB AB AB AB 
Charge 0/-1 - 1 0 0 -7/-3 -3 *2 »1 «2 
¡•Value taken from the 72 h hydrolysate 
^Determined as s-carboxyinethylcysteine 
«Oetennined as S-aminoethylcysteine 
Table IV. (cont'd) 
Τ 17 Τ 18 '19 Τ 20 Τ 20-21 Τ 21 Tot; 
Asp 1.0(1) 0 9(1) 15 
Thr 5 
Ser 0 8(1) 0 9(1) 0 9(1) 9 
Hse 0 7(1) 0 6(1) I 
Glu 3.6(4) 1 1(1) 26 
Рта 6 
Gly 0.9(1) 1 9(2) 10 
Ala 1.0(1) 0 9(1) 2 1(2) 16 
Cys 2 
Val 2.3(3)! о 9(1) 14 
Ile 7 
Leu 1.0(1! 2 0(2) 1 0(1) 1 0(1) 16 
Туг 4 
Phe 1.0(1) 5 
His 1 0(1) 3 
Lys 1.1(1) 14 
Arg 1.1(1) 1 0(1) 1 0(1) 1.0(1) β 
Trp • (1) 2 
Total 6 12 12 1 3 2 171 
Yield(-)24 39 33 5 15 17 
Pun f. AB AB AB AB AB AB 
Charge tl -1 +1 +1 ti 0 




Table VI. Amino acid compositions of the chymotryptic peptides of CB i. 
All peptides were purified by a corrbination of gel filtration and peptide mapping, except 

















































































































































































































































rDetemined as S-carbonymethylcysteine 
"Value taken from the 72 h hydrolysate 
Table V. Amino acid compositions of peptides obtained by themolytic (Th) or chymotryp­
tic (C) digestion of some tryptic peptides of CD 1. 
All peptides were purified by peptide mapping. 
Peptides 

















































































-1 η 0 
















































-value taken from 72 h hydrolysate 
Table 4 1 Amino acid composition of the t h e m o l y t i c neptides of CB 1 















Lys 1 0(1) 
Arg 
Total 3 

















































































Ser 1 1(1) 
Glu 
Pro 2 0(2) 































































































Value taken from the 72 h hydrolysate 
-Determined as S carboxymethylcysteine 
Table VII (cont'd) 

























































lvalue taken from the 72 h hydrolysate 
-Determined as S-carboKynethylcysteine 
1 0 ( 1 ) 
0 9 ( 1 ) 
1 9 ( 2 ) 
0 8(1) 


























Table Χ Aniño acid composition of the thermolytic peptides of CB 3. 

















































































=Value taken from the 72 h hydrolysate 
Table XI. Amino acid conposition of the tryptic peptides of С 4 











































































-Τ 27 was partially modified by deomidation of residue 239 during purification 
Table VIH. Amino acid composition of the tryptic peptides of citraconylated CB 1. 
Peptides were isolated by gel filtration (A) followed by ion-exchange chromatography (B) 














































































































































-Determined as S-carboxymethylcysteine 
Wal uè taken fron the 72 h hydrolysate 
Table IX. Amino acid composition of the trvptic and chymotryptic peptides of CB 3. 





















































































Table XII Amino acid composition of the chymotryptic peptides of CB 4 






















' i : i ) 
0 9(1) 

















































































Table XIIl Ammo acid composition of the thermolytic peptides of CB 4 


























































































































































Table XVI Ammo acid composition of the thermolyt ic peptides of CB θ 








































































































^Determined as S aminoethylcysteine 
-Value taken from the 72 h hydrolysate 
Table XVII Amino acid composition of the chymotryptic peptides of CB 9 and the therraolytic 
peptides of CB 9-C 1 












































С l-Th 2 
0 6(1) 






























' a b l e XIV Amino acid conposit ion of the t r y p t i c peptides of CB 8 



































































1 Q ( 2 ! 


















-Determined as S aminoethylcysteine 
Table XV Amino acid composition of the chymotryptic peptides of CB 3 






























О 9(1) 0 9(1) 
1 0(1) 
1 0(1) 





















-Detemi ned as S-ammoethylcysteine 
Table XVIII Amino acid conposition oF the tryptic and chymotryptic peptides of CB IO. 


































































Table XIX. Amino acid composition of the tryptic and chymotryptic peptides of CB 12. 
































































Table XX. Amino acid ccmposition of the cysteine containing tryptic peptides of u - Ш 
S-carboxymethylated leucine aminopeptidase 
All peptides we'-e purified by a combination of gei filtration (Fig. 17) and peptide 











































































































n.d. = not detenni ned 
^determined as S-carboxyaethylcysteine 
-value taken from the 72 h hydrolysate 
t 
Table XXII Amino acid composition of the cysteine containing tryptic peptides 
of S-amnoethylated CB 1 




















4 i m 


























1 K D 
21 
6 
> - 3 
adeteimned as S-aminoethylcysteine 
Table XXIII taino acid composition of HA 2 
Data are given as numbers of residues per polypeptide chain as determined by 
ammo acid analysis and sequence results Values for threonine and serine 
were extrapolated to zero time hydrolysis, and values for valine and isoleucine 
were taken from the 72 h hydrolysate 






















































η d * not detenmned 
-detenmned as S-aminoethylcysteine 
Table XX' Aniño acid conposition of peptides obtained by chjmotryptic (С), therrolytic (Th) 
or staphylococcal orotease (SP) digestion of scire cysteine containing tryptic peptides of 
leuc ne ammopeptidase 

















Τ 14-C 1 
2 8(3 ) 
0 8(1) 
5 6(6 ) 
2 0(2) 
2 0(2) 

















u i l ) 
0 ( 1 | 
d 




1 8 2) 
1 9 2) 




-3 Τ 14-C 3 Τ 14- SP 















1 Τ 14-SP 







































Τ 31-Th 1 Τ 3 1 - Th 2 Τ 31 Th 3 Τ ЭІ-Th 4 Τ 31-Th 4a Τ 41-Th 1 Τ 41-Th 2 Τ 41-Th 3 
Asp 1 1(1) 1 1(1) 
Ser 
Glu 






I l e 0 9(1 ) 
Leu 1 5 ( 2 ) 
Lys 
1 0 1 
1 3 1 
1 1 1 
0 8(1) 
0 6(1) 



























































η d not determined 
.determined as S carboxymethylcysteii 
-determined as S-aminoethylcysteine 
Table Ш Automatic Edman degradation of S-aminoethylated HA 2 
Appro«imately 0 45 »mol of sanple was subjected to automatic Edman 
degradation in a Beckinan sequencer Residues were identified as 
phenylthiohydantoin by thin layer chronatography and quantified by 
gas chromatography The repetitive yield was 94 
Cycle Residue Yield (nmol) 
1 Gly 300 
г Lys 290 
3 Thr 270 
4 Ile 265 
5 Gin 
6 Val 245 
7 Asp 
θ Asn 
9 Tbr 210 
10 Asp 
11 Ala 200 
12 Glu 
13 Gly 1β0 
14 Arg 
15 Leu 170 
16 Ile 160 
17 Leu 155 
18 Ala 150 
19 Asp 
20 Ala 140 
21 Leu 130 
22 
23 Туг 
24 Ala 115 
25 His 
26 Thr 100 
27 Phe 100 
28 Asn 
Table XX/ Amino acid composition of the tryptic peptides of CB Bb 
All peptides were purified by peptide mapping Peptides Τ 36a and * 37a were further 








































































j-detemiined as S-aminoethylcysteine 
-value taken from the 72 h hydrolysate 
Table XXVI Amino acid cunpostion of the thennolytie peptides of CB Bb 
Peptides «ere purified by peptide mapping 
Peptides 
Th 1 Th 2 Th Э Th A Th 5 Th 6a Th 6 Th 7a Th 7 Th 8 Th 9 
Asp 






















1 O d ) 
1 0(1) 
1 1(1) 
1 0(1) 1 1(1) 1 1(1) 1 1(1) 
1 0(1) 0 8(1) 
9(2) 
1 0(1 ) 
, 0 9(1) 
1 0(1 ) 
1 K D 
1 0(1 ) 
1 0(1) 
1 0(1) 
1 K D 1 0(1) 
1 0(1) 
1 0(1) 
1 0(1 ) ¡ 0 (1) О 9(1) 1 0(1) 
1 9 ( 2 ) 5 2 0(2)5 
1 0(1) 
1 0(1 ) 
1 0(1) 
rdetermined as S aminoethylcysteine 
-value taken from the 72 h hydrolysate 
1 0(1) 
1 0(1) 1 0(1) 







































Table XXIX Aniño acid composition of the thennolytic peptides of CB 11 































1 1 ( 0 


































2 8 ( 3 ) , 





































































-determined as S-carboxymethylcystfcine 
Table XXVII Amino acid composition of M e tryptic peptides of CB 11 











I l e 
Leu 

























ι o ( i ; 
ι id!, 
















































С 9( ) 





















-determined as S-aminoethylcysteme 
Table XXVIII Amino acid composition of the chymotryptic peptides of CB 11 
Peptides were isolated by peptide mapping 
Asp 


















) i e l d ( i ; 
Charge 







0 3(1 ? 
1 6 ( 2 ; 










1 1 ( 0 
2 1(2) 
1 2(1) 

































































-determined as S-aninoethylcysteine 
Table XXX Amino acid composition of the staphylococcal peptides of CB 11 
















I r p 





















3 0 ( 3 ) . 


















































determined as S-carbOíymethylcystelne 
Table XXXI Amino acid composition of the tryptic peptides of staphylococcal protease 
peptide SP232"30« 























































































-determined as S-aminoethylcysteme 
Table XXXII Amino acid composition of the chymotrypttc peptides of staphylococcal protease 
peptide SP 2 3 2 " 3 ™ 

















































































































































-determined as S-aininoethylcysteiiie 
О 
CO 
Table XXXV. Amino acid composition of the chynotryptic peptides of fraction I ( r i n 20) 
of a tryptic digest of citraconylated Hft ?. 

















































0 .9 (1 ) 
0 . 7 ( 1 ) 
0 .9 (1 ) 















































































-deternined as S-anlnoethylcysteine 
I 
oo 
Table ХХХ1П. Amino acid composition of staphylococcal protease peptide SP ^ 
Data are given as number of residues per polypeptide chain as determined by 
amino acid analysis and sequence results Values for threonine and serine were 
extrapolated to zero time hydrolysis, and values for valine and isoleucine were 








































determined as S-aminoetnylcysteine 
Table XXXIV. Amino acid composition of ! 
of HA 2. 
Peptides were purified by peptide mapping. The neutral peptide Τ 45 was 
subjected to re-electrophoresis at pH 3.5 for further purification 



















1 1 С) 
1.0 (1) 
0.0 (1) 
1 0 (1) 







































Table XXXv: Amino acid composition of the thermolytic peptides of fraction Γ (Fig 20) 
of a trypfc digest of citraconylated HA 2 













































































































































-determined as S-armnoethylcysteine 
Tabic XXXVII Amino acid composition of the tryptic oeptldes of citraconylated HA 2 
Peptides were purified by gel filtration (Fig. 30) followed by peptide mapoinq of 




















0 7 (1) 







1 1 (1) 
1 3 (1) 
0 9 (1) 
0 9 (1) 
1 0 (1) 
1.0 C ) 
0.9 (1) 









2 2 (2) 
1 1 ID 
ι о d! 
0 9 (1) 






1 0 (1) 
1.6 (2) 
! 0 (1) 
1.0 (1) 




Table XXXIX Amino ас d composition of soné therirolytic neptides of HA 2 
Peptides were isolatec by d agorai electrophoresis at pH 6 5 (35) (E) or by oeptlce 


























































rOestruction p'-odjct of Methionine 
-Oetertnined as Metlioninesulfone 
Table XL Amino acid composition of some staphylococcal peptides of HA 2 










































0 6 (1) 
1 1 (1) 
1 3 (1) 





ι г (i) 
1 С (1) 
1 1 (1 
0 9 (1 
1 2 (1 
1 0 (1) 
0 β (1) 
1 0 (1) 
1 0 (1) 



























1 0 ¡1) 
1 2 (1) 
ι ο ;i) 
0 9 Ί ) 
1 3 (1) 
0 8 (1) 
0 7 (1) 
1 1 (2) 





Table XXXVIII Aitino atid conposition of the chyniotryptic peptides о* НА 2 
Peptides were aurified by gel filtration (A) (Fiq 31) followed эу ion-exchange chromato­























































































































































































































































-determined as S carbonymctuylcysteine 
Table ULI Amino acid composition of the peptides of a tryptic (T) and a staphylococcal 
protease (SP) digestion of fragment Tc 









































































































Table XLI: Aniño add composition of peptides establishing the overlap of cyanogen 
bromide fra^nents 
Peptide Τ ~ was purified by peptide mapping and peptide Τ 25 by gel filtration 
followed by peptide mapping 
Asp 1 0 (1) 
Thr 2 6 (3) 
Ser 2 6 (3) 
Use 1 С (1) 
Glu 2 С (2) 4 2 (4) 
Pro 2 1 12) 
C'y 1 4 (1) 
«la 1 4 (1) 13 (1) 
Val 1 о (1) 
Met 0 7 (1) 
Ile 1 1 ¡1) 
Leu 1 2 (1) 
Phe 1 1 ¡1) 
Lys 1 2 (1) 14 (1) 
Trp + (1 ) 
Total 11 16 
Vield (-.) 9 7 
Charge -1 -2 
CO 
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SULFHVDML CONTENT OF BMME EVE LEUS LEUCINE AMIWOPEPTIPASE 
Vz£&mLnation oi the. K&actLvlty o^ the. ¿atihychyt дкоирл oi 
the. zinc meXaZtoznzyme., o^the. e-nzymzactivcutzd by Mg , Ми2+, 
and Co2+, and oh the. теЛаА-^кгг apoznzyme. 
SUMMARV 
The r e a c t i v i t y of the sulfhydryl groups of leucine aminopeptidase from bovine 
eye lens has been studied by carboxymethylation with iodoacetate of the nat­
ive enzyme ( Z n 2 + - Z n 2 + ) , of the enzyme activated with magnesium (Zn2',"-Mg2+) or 
manganese (Zn^-Mn2"1"), the enzyme incubated with cobalt (Co 2 + -Co 2 + ), and the 
metal-free apoenzyme. The r e a c t i v i t y of the sulfhydryl groups was also deter­
mined in the presence of denaturing agents with or without reducing agents. 
Al l seven half-cystines per leucine aminopeptidase subunit are in the s u l f ­
hydryl form. In the native and the Zn2 +-Mn2 + enzyme, only one of the cyste­
ines (residue 344) reacts readi ly with iodoacetate. In the Zn2 +-Mg2 + enzyme, 
two cysteines react (residues 344 and 412) and in the Co2 +-incubated enzyme 
only one (residue 412). The metal-free apoenzyme has at least three reactive 
cysteines (residues 344, 412, and 429). The data suggest that sulfhydryl 
groups are involved in the binding of metal ions. 
INTROOÜCTWN 
Leucine aminopeptidase from bovine lens (EC 3.4.11.1) has been characterized 
as a metalloenzyme containing 2 zinc ions/subunit of Mr = 52,000 (or 12 zinc 
ions in the native hexameric enzyme) as essential metal ions1 . Intersubunit 
d isu l f ide bridges are absent2. Incubation of the native enzyme, containing 
only Zn2+ ions, wi th various concentrations of Mg2+ or Mn2+ showed that there 
is a competition between the ions fo r one binding s i t e , the act ivat ion s i t e , 
and that a maximum of 1 mol of Mg2+ or Mn2+ is bound per 52,000 g of leucine 
aminopeptidase1»3. The other s i t e , normally occupied by z inc, is cal led the 
structural s i t e 1 ' 4 . Prolonged incubation of the Zn2+-Zn2+ enzyme with Co2+ 
yields an active enzyme in which 2 g atoms of Co2+/subnit have replaced 
the Zn2+ ions'*. Removal of zinc by dia lysis against o-phenanthroline y ie lds 
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a zinc-free product with no enzymatic a c t i v i t y , which upon readdition of Zn2+ 
regains f u l l a c t i v i t y 1 » 5 . 
Early reports of the amino acid composition of the subunits of leucine a-
minopeptidase indicated that the enzyme contains 8 half-cystines/52,000 dal -
ton subunit. These results were based on amino acid analysis of performic ac-
id-oxidized enzyme1 and determination of the number of t i t r a tab le sulfhydryl 
groups using Ellman's reaction on the enzyme a f te r denaturation in guanidine 
hydrochloride and reduction with NaBH^6. Chemical modification reactions with 
5,5 ' -d i th iobis-(2-m't ro-benzoic acid) (Ellman's reagent), p-chloromercuriben-
zoate and iodoacetamide on the native enzyme, the enzyme incubated with metal 
ions, and the enzyme treated with guanidine hydrochloride could be in terpret -
ed as fol lows: 
1. each subunit contains one intrasubunit d isu l f ide bond and six sulfhy-
dryl groups1»6 
2. one sulfhydryl group is located at the protein surface and has no cat-
a l y t i c f u n c t i o n 1 ' 7 · 8 . Blocking of th is free sul fhydryl group reduces the rate 
of act ivat ion by temperature elevat ion. I t is probably that th is free sul fhy-
dryl group is involved in an essential intermediate step of the act ivat ion9 
3. supplementary sulfhydryl groups become free during act ivat ion by Mg2+ 
ions1 0 
4. one sulfhydryl group is involved in Zn2+ binding6 
5. two masked sulfhydryl groups d i f f e r ing in reac t i v i t y and access ib i l i ty 
are buried even in the apoenzyme6. 
Recently, we have determined the primary structure of bovine eye lens leucine 
aminopeptidase, as described in the accompanying repor t 1 1 . Our results reveal-
ed the presence of only 7 hal f -cyst ine residues/subunit. This number was ob-
tained from amino acid analysis and from the sum of the alkylated cysteines 
determined during sequence analysis (see Fig. 1). We now describe the deter-
mination of the reac t i v i t y of the individual sul fhydryl groups toward iodo-
[2-3H]acetate and the enzymatic ac t i v i t y of the products of Zn2+-ion readdi-
t ion on the apoenzyme and the carboxymethylated apoenzyme. The chemical prop-
ert ies of the individual cysteine residues containing the 3H-labeled carboxy-





Τ 13 Ala-Ala-Val-Ala-Ala-Gly-Cys-Arg 
100 ПО 












Τ 36 Leu-Il e-Leu-Ala-Asp-Ala-Leu-Cys-Tyr-Alа-Ніs-Thr-Phe-Asn-Pro-Lys 
410 420 
Τ 41 Gln-Val-Ile-Asp-Cys-Gln-Leu-Ala-Asp-Val-Asn-Asn-Ile-Gly-Lys 
430 
Τ 43 Ser-Ala-Gly-Ala-Cys-Thr-Ala-Ala-Ala-Phe-Leu-Lys 
F^g. 7 The. amino delà ¿equencei о^ tht cyotelnz-containing tsiijptic pzptiduÁ 
ol l&ucÁm amnopzptidcLit 
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MATERIALS AWP METH0P5 
L-leucinamide was obtained from Serva; 8-niercaptoethanol was from A l d r i c h ; 
T r i s , sodium dodecyl s u l f a t e , and iodoacetic acid were from Sigma; o-phenan-
t h r o l i n e , МдСІ2, МпСІг, guanidine hydrochloride, and urea were from Merck. 
N-methylmorpholine and ethyleneimine were from Pierce. Iodo [2-3H] acetic acid 
was purchased from the Radiochemical Centre, Amersham (specif ic a c t i v i t y , 50 
mCi/mmol). Sephadex G-25 (coarse) and G-50 (superfine) were from Pharmacia. 
Trypsin was purchased from Worthington. Picofluor was obtained from Packard. 
Al l buffer solutions were prepared with metal-free water, b o i l e d , degassed, 
and saturated with nitrogen. 
Leucine aminopeptidase was prepared as described in the previous paper1 1 
and dissolved and stored in 0.1 M Tris-HCl b u f f e r , pH 8.0. Purity was checked 
by Polyacrylamide gel electrophoresis in the presence of sodium dodecyl s u l f ­
a t e 1 2 . Enzyme concentrations were determined by measuring the absorbance at 
280 nm, using the molar ext inct ion c o e f f i c i e n t of 5.4x10 M"1 cm - 1 for the sub-
uni t of 52,000 dal tons 1 , or by the method of Lowry e¿ al13. Al l metal ion ex-
change reactions, the preparation of apoenzyme and the modification reactions 
with iodoacetate were performed in an oxygen-free system. Al l solutions were 
flushed with nitrogen before use; desalting procedures and modification re-
actions were performed under a nitrogen barr ier . Unbound metal ions and ex-
cess of reagents were removed from the enzyme by gel f i l t r a t i o n on a Sephadex 
G-25 (coarse) column, eluted with 0.1 M Tris-HCl buf fer , pH 8.6. Also, the 
native enzyme was desalted on Sephadex G-25 (coarse) to remove unbound Zn2+ 
ions remaining af ter the iso la t ion procedure. 
VlzpoAatLon o{¡ thz apozmymz, Zn2+-Mg2+, 2n2+-Mnz+, and Co2+-Co2+ mzyme. 
The metal-free apoenzyme was prepared by dia lysis againsto-phenanthroline5 
as fol lows. A volume of 22 ml of Zn2+-Zn2+ enzyme (2.4 mg/ml) was dialyzed at 
4 "С against 0.25 M Tris-HCl buf fer , pH 7.8, containing 0.125 M NaCl, fol low­
ed by a 10-h dia lys is at room temperature against buffer with the same com­
posit ion but containing in addit ion 1 mM o-phenanthroline, 10 μΜ ß-mercapto-
ethanol. o-Phenanthroline was removed by d ia lys is at room temperature against 
0.25 M Tris-HCl buf fer , pH 7.8, containing 0.125 M NaCl, 10 μΜ ß-mercaptoeth-





 leucine aminopeptidase was prepared by dia lys is of Zn 2 + -Zn 2 + en­
zyme (2.5 mg/ml) against 0.1 M Tris-HCl b u f f e r , pH 9.5, containing 1 M KCl, 
-92-
followed by incubation in the same buffer plus 0.05 M MgCl2.for 12 hat 37 e C 3 
Manganese exchange was performed by dia lys is of the Zn 2 + -Zn 2 + enzyme (4.5 mg/ 
ml) against 0.02 M Tris-HCl b u f f e r , pH 8.5, containing 1 M KCl and incubation 
in the same buffer plus МпСІг at a f i n a l concentration of 2 mM for 3 h at 
37 "C 1 . 
Co2+-Co7-+ leucine aminopeptidase was obtained by dia lys is of Zn 2 + -Zn 2 + en­
zyme (4.5 mg/ml) against 0.2 M W-methylmorpholine-HCl b u f f e r , pH 7.5, contain­
ing 1 M KCl and incubation of th is solut ion during 7 days at 37 0С with C0CI2 
at a f i n a l concentration of 50 mM1*. The crystals of the Co2 +-Co2 + enzyme were 
collected by c e n t r i f u g a t i o n . In order to dissolve the c r y s t a l s , a procedure 
of resuspension in 0.2 M M-methylmorpholine-HCl b u f f e r , pH 7.5, and c e n t r i f ­
ugation (12 times) was used, u n t i l most of the crystals were in so lut ion. The 
f i n a l volume of 25 m l , with a protein concentration of 1.9 mg/ml, was made IM 
in KCl and 1 mM in C0CI2. This solution was incubated during 5 h at 37 0C and 
desalted on a Sephadex G-25 (coarse) column. 
Labzting uxcth -iodo [Ζ-3H]aceXato. 0$ tho. iullhydAyl gt-oupi o¡5 nativz Zn2+-Znz+ 
znzymz, apoznzyme., Zn2+-Mg2+,Zn2+-Mn2+, and Co2+-Co2+ znzymz 
To determine which sulfhydryl groups react with iodo [2-3H] acetate, the f o l -
lowing experiments were performed. To 40 mg of Zn2+-Zn2+ enzyme in 30 ml of 
0.1 M Tris-HCl buf fer , pH 8.6, 79.8 ymol of iodo [2-3H] acetic acid (400 yCi) 
dissolved in 0.2 ml of 1 M Tris-HCl buf fer , pH 8.6, were added dropwise. The 
pH was maintained at 8.6 with 1 M NaOH. After 15 min, the reaction was stop-
ped by passage of the mixture through a Sephadex G-25 (coarse) column to re-
move the excess of labe l . For labeling of apoenzyme and the Zn2+-Mg2+ enzyme, 
the same procedure was used, except that the protein was dissolved in 48 and 
54 ml of 0.1 M Tris-HCl buf fer , pH 8.6, respectively. In another experiment, 
130 ymol of e-mercaptoethanol were added to a solut ion of 35 mg of apoenzyme 
in 25 ml of 0.1 M Tris-HCl buf fer , pH 8.6. After a reduction time of 1 h, 15 
ymol of iodo [2-3H]acetic acid (200 yCi) , dissolved in 0.1 ml of 1 M Tris-HCl 
buf fer , pH 8.6, were added and the solut ion was kept at pH 8.6 for 15 min. 
Excess reagent was removed by gel f i l t r a t i o n . Zn2+-Mn2+ leucine aminopeptid-
ase (40 mg) in 80 ml of 0.1 M Tris-HCl buf fer , pH 8.6, was treated with 35.6 
ymol of iodo [2-3H] acetic acid (400 yCi) in 0.2 ml of 1 M Tris-HCl buf fer , pH 
8.6, at a constant pH of 8.6 during 15 min. TheCo2+-Co2+ enzyme (47 mg) was 
modified in the same way in a volume of 56 ml of Tris buffer . These reactions 
were also stopped by gel f i l t r a t i o n . 
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LabeLing viith ¿odo [2-3H]acoXatz U{¡ the. iul^hydAijZ gtioupi ¿η Zn2 + -Zn2+ ¿гисіпг 
aminopiíptídcLbz denotateci with 8 M илга 
In а typical experiment, so l id urea was added, to a f i n a l concentration 
of 8 M, to a solut ion of 50 mg of enzyme in 10 ml of 0.1 M Tris-HCl buf fer , 
pH 8.0, and the solut ion was made 20 mM in EDTA. Denaturation was continued 
during 5 h. The pH was then raised to 8.6 with 4 M NaOH, and 34 pmol of iodo-
[2-3H] acetic acid (400 pCi) dissolved in 0.2 ml of 1 M Tris-HCl buf fer , pH 
8.6, were added dropwise. The pH was kept at 8.6 with 1 M NaOH f o r 15 min, 
a f t e r which the reaction mixture was passed through a Sephadex G-25 (coarse) 
column. 
In order to ensure a complete blocking of sulfhydryl groups, which had not 
reacted during the radioactive modification procedures, a l l protein fractions 
were alkylated a second t ime, using unlabeled iodoacetate, by the previously 
described procedure1 1. Enzymatic digest ion, gel f i l t r a t i o n of enzymatic d i ­
gests on Sephadex G-50 (superf ine), peptide mapping, and e lut ion of peptides 
from paper were performed as described 1 1 . During our sequence studies, we did 
not f ind any indicat ion that the alkylated protein was incompletely digested 
with t r y p s i n . S l ight differences found in absorbance prof i les of the Sephadex 
G-50 (superfine) columns as can be seen in Fig. 3, Α-F, are not the resul t of 
d i f f e r e n t extents of d igest ion, but are due to minor differences in the pack­
ing of columns and of low molecular weight impurit ies having absorbance at 
280 and 200 nm. 
Determination of the incorporated r a d i o a c t i v i t y was performed by l i q u i d 
s c i n t i l l a t i o n counting of an al iquot of the f ract ions collected a f t e r gel 
f i l t r a t i o n , or by counting an al iquot of the p u r i f i e d peptides. Samples of up 
to 0.1 ml in 0.1 M NH3 were mixed with 2 ml of Picof luor and counted in a Pack­
ard Tricarb l i q u i d s c i n t i l l a t i o n counter (Model 3320). Peptides with incorp­
orated 3H label were further characterized by amino acid analysis and determ­
inat ion of the NH?-terminal residue by the dansyl chloride method
1 1
. 
A lky lat ion with iodoacetate of the Zn 2 + -Zn 2 + enzyme and the apoenzyme for 
the metal readdit ion experiments was performed in 0.1 M Tris-HCl b u f f e r , pH 
8.6, containing 0.01% (v/v) e-mercaptoethanol. To a 4 ml solution of enzyme 
(2.5 mg/ml) were added 50 mg of iodoacetic acid (neutral ized with 4 M NaOH), 
while the pH was maintained at 8.6. After 10 min, the solution was extensive­
ly dialyzed against 0.1 M Tris-HCl b u f f e r , pH 8.0. Readdition of Zn 7 + ions to 
the apoenzyme and to the carboxymethylated apoenzyme was performed in 0.25 M 
Tris-HCl b u f f e r , pH 7.8, containing 0.115 M NaCl, 0.05% (v/v) ß-mercaptoeth-
-94-
anol. To 8 mg of enzyme in 3 ml of buffer was added 0.15 ml of 0.1 M ZnC^. 
The solution was subsequently dialyzed for 2 h at room temperature against 
0.01 M Tris-HCl buf fer , pH 8.0, containing 0.01 mM ZnCb, 0.05% (v/v) ß-mer-
captoethanol, followed by exhaustive d ia lys is against 0.1 M Tris-HCl buf fer , 
pH 8.0. 
Enzymatic a c t i v i t y measurements were carr ied out as described11* wi th two 
modif ications: act ivat ion of the enzyme was omitted and no МдСІг was added 
to the incubation mixture. The protein concentration in the incubation mix­
ture was approximately 0.05 mg/ml. A c t i v i t y was expressed as micromoles of 
L-leucinamide hydrolyzed/min/mg of enzyme. 
_дч_ 
RESULTS 
Al l seven t r y p t i c peptides containing [3H]carboxymethylcysteine could easi ly 
be p u r i f i e d by gel f i l t r a t i o n , followed by peptide mapping of the pooled 
f r a c t i o n s 1 1 . A t r y p t i c digest of denaturated, reduced, and [2-3H] iodoacetate-
alkylated leucine aminopeptidase was applied to a Sephadex G-50 (superfine) 
column (see Fig. 17 in Ref. 11). Pool I yielded peptide Τ 14 in pure form. 
Pools I I to VI were further p u r i f i e d by peptide mapping (Fig. 2 ) . The pep­
tides were found to be homogeneous on the basis of amino acid analyses and 
determination of the NH?-terminal residues. The amino acid compositions are 
presented in Table XX of Ref. 11. The same method of analysis was used in a l l 
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ed. 
label ing experiments. Because the modif ication experiments were performed with 
d i f fe rent concentrations of iodoacetate in the reaction mixture, speci f ic ac-
t i v i t i e s of the individual cysteine residues (Table I ) are only comparable 
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Table. I ІпсолропдЛІоп oí 3H ¿лЬгІ ¿η diM&i&ntZy modiu-izd ^опті о^ ¿ги.сл.пг 
amtnopzptidcLiz by aikyZation utiJth ¿odo [2-3Η]nettate. 
For experimental d e t a i l s , see 'Materials and Methods'. The speci f ic a c t i v i ­
t i e s of the d i f f e r e n t cysteine residues were determined on the basis of l i ­















































































*A, native leucine aminopeptidase (= Zn2 +-Zn2 +) ; B, Zn2+-Mg2+ enzyme; C, 
Zn2+-Mn2+ enzyme; D, Co2+-Co2+ enzyme; E, metal-free apoenzyme; F, metal-
free apoenzyme treated with ß-mercaptoethanol; G, enzyme denatured with 8 
M urea and reduced with ß-mercaptoethanol ; H, enzyme denatured with 8M urea. 
w i th in the same label ing experiment. A l l the label ing experiments were per-
formed twice, but wi th d i f fe rent concentrations of iodoacetate. The re la t i ve 
d is t r ibu t ion of label over the d i f ferent cysteine residues was ident ical in 
both cases. The experiments giving the highest speci f ic ac t i v i t i es are pres-
ented in Table I . 
еХелтІушЛіоп о^ the. l&acttvtty oí the. ¿uZ^hydnyl gAoupi In dznatWiatzd ln2+-
ln2+ ZexLctnz am¿nope.pt¿da¿e. 
Upon determination of the reacnivity of the sulfhydryl groups of the en-
zyme denatured wi th 8 M urea, the elut ion pattern of labeled t r yp t i c peptides 
from the gel f i l t r a t i o n column was ident ical with that found af ter denatura-
t i o n , reduction, and a lky la t ion of the enzyme (see Fig. 17 of Ref. 11). The 
speci f ic ac t i v i t y of [3H] carboxymethylcysteine in the d i f fe rent peptides was 
determined (Table I ) . I t was found that in the native enzyme a l l cysteines 
are in the sul fhydryl form. The same results were obtained when 4.8 M guan-
idine hydrochloride was used as denaturing agent (results not shown). 
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Oet&wiincLtLûn o¡5 the. к<г.а.сЛА. ііу oi the. urf-ihydsiyl длоирі ¿η Ζηζ+-Ζη2+, 2η2+-
Mg2+, Zn2·*-Μη2*, and Co2+-Co2+ IzacÁnz am¿nope.pt¿dcUiZ 
Fig. ЗА shows the e lut ion pattern of the Sephadex G-50 (superfine) column 
of the t r y p t i c peptides of native Zn 2 + -Zn 2 + enzyme, modified with iodo[2- 3 H]-
acetate. The two pooled f r a c t i o n s , containing 3H l a b e l , were analyzed by means 
of peptide mapping (Table I ) . This revealed a high incorporation in peptide 
Τ 36, indicat ing a high r e a c t i v i t y of cysteine-344 toward iodoacetate. Two 
other cysteines, residue 412 (peptide Τ 41) and residue 429 (peptide Τ 43), 
showed a much lower r e a c t i v i t y , approximately 7% of the label ing of cysteine 
344. 
The gel f i l t r a t i o n pattern of the t r y p t i c digest of the Zn2 +-Mg2 + enzyme, 
modified with iodo [2-3H] acetate is shown in F ig. 3B. Analysis of the radio­
active fract ions by peptide mapping (Table I ) revealed a high incorporation 
into two cysteines: residue 344 (peptide Τ 36) and residue 412 (peptide Τ 41), 
and a low incorporation (13% of the labeling of cysteine-344) into cysteine-
429 (peptide Τ 43). The results of t r y p t i c digestion of the Zn2 +-Mn2 + enzyme 
labeled with iodo [2-3H] acetate are given in Fig. 3C and Table I . Only one 
cysteine, residue 344 (peptide Τ 36), has a high r e a c t i v i t y toward iodoacetate. 
Because the procedure of resuspension of crysta ls of the Co2 +-Co2 + enzyme 
might resu l t in the loss of cobalt ions from the enzyme, the solut ion was pre-
incubated with 1 mM C0CI2 in a buffer containing 1 M KCl1*. After modif ication 
of the Co2 +-Co2 + enzyme with iodo [2-3H] acetate, the t r y p t i c digest was chrom-
atographed on G-50 (superfine) (Fig. 3D), followed by peptide mapping. The 
detected incorporation is presented in Table I . Cysteine at posit ion 412 (pep­
t ide Τ 41) is the most react ive, followed by cysteine-344 (peptide T36) which 
has a r e a c t i v i t y of 16% of the value determined f o r cysteine-412. 
Ve¿znm¿nat¿on o¿ the ^.eactiv-ity o¿ the oudLihyd/iyl gioupi ¿n the. metal-{¡лее. 
apoenzyme 
The r e a c t i v i t y of the sulfhydryl groups in the metal-free apoenzyme was de­
termined in a system without reducing agent and in a system to which ß-mer-
captoethanol was added. Fig. 3E shows the gel f i l t r a t i o n pattern of a t r yp t i c 
digest of the apoenzyme modified with iodo [2-3H] acetate in the absence of re-
ducing agent. Peptide mapping of the pooled f ract ions revealed four cysteine 
residues susceptible to modification by iodoacetate (Table I ) . Cysteine-412 
(peptide Τ 41) is the most react ive, followed by cysteine-344 (peptide Τ 36), 
cysteine-429 (peptide Τ 43), and cysteine-303 (peptide Τ 31), with incorpora­
t ion values of 51, 33 and 18%, respectively, as compared to the speci f ic ac-
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»•'.[Ή].«»»»'·«« _ , « . »'Л'нЬ«-../ — 
»•.[Ч,]«^.·/«^ «.«.ы«:· ЭД^СчК*^'»/ 
F^g. 3 Ge£ i$-¿XíAaí¿on о^ tuyptic pep.itde-4 obttUnzd {,fiom native, and mocU{¡¿zd 
{¡опт!, об IzucÁne. aminopzptidaàz ùibelzd with ¿odo[2-3H]ac£tate.. 
Labeling was performed as described under 'Materials and Methods'. The t ryp-
t i c digest of the labeled enzyme was applied to a Sephadex G-50 (superfine) 
column (120x1.6 cm) in 0.1 M ammonia and eluted with the same solvent at a 
flow rate of 6.6 ml/h. Absorbance was measured at 206 ( ) and 280 nm ( — ) . 
Fractions of 2.2 ml were col lected, of which an al iquot was used for radio-
a c t i v i t y measurement ( · · ) . Fractions were pooled as indicated and fur ther 
pur i f ied by peptide mapping. A, native Zn2+-Zn2+ enzyme. An al iquot of 70 μΐ 
of the fract ions was counted. B, Zn2 +-Mg2 + enzyme; 150 y l were counted. C, 
Zn2 +-Mn2 + enzyme; 150 μ! were counted. Ό, Co2 +-Co2 + enzyme; 100 μΐ were count­
ed. E, metal-free apoenzyme; 70 μ! were counted. F, metal-free apoenzyme l a ­
beled in the presence of ß-mercaptoethanol ; 100 μΐ were counted. 
-99-
t i v i t y of cysteine-412. In presence of 5.2 mM 0-mercaptoethanol the samemeth-
od of analysis gives the gel f i l t r a t i o n pattern shown in Fig. 3F. In Table I , 
the speci f ic a c t i v i t i e s of the individual cysteine residues are l i s t e d . Once 
more, cysteine-412 (peptide Τ 41) was the most reactive residue. Cysteine 
residues 429, 344, 303, and 281 had specif ic a c t i v i t i e s amounting to 57, 47, 
3 1 , and 16%, respectively, of the value determined f o r posit ion 412. 
kcXivlty тгси>иле.те.п£А on canboxymeXhyùitzd ln2+-ln2+ znzymz and on салЬоку-
moJjnytatzd apoanzyme. ¿ncabatzd uiith 2n2+ ¿on¿ 
Blocking of the sulfhydryl groups in native Zn2+-Zn2+ leucine aminopeptid-
ase resulted in an enzyme with roughly the same a c t i v i t y as the native enzyme 
(Table I I ) . The ac t i v i t y of the metal-free apoenzyme can be restored to a lev-
el of 56% of the a c t i v i t y of the s tar t ing material by addition of Zn2+ ions 
(Table I I ) . However, when the sulfhydryl groups of the apoenzyme are f i r s t 
blocked with iodoacetate, the enzyme a c t i v i t y cannot be restored by Zn2+ ions 
(Table I I ) . 
Tabte. II kcXÁv-uty тел4илетеи£і on nativz and modi^-izd ¿eucÁne. amlnopzptid-
алг 
Modifications involved carboxymethylation of Zn^-Zn2"1" enzyme, removal and re-
addit ion of zinc to the native enzyme, and readdition of zinc to the carboxy-
methylated apoenzyme. Carboxymethylation was performed as described under 
'Material and Methods'. A c t i v i t y was measured using 0.072 to 0.120 mg of en­
zyme in 2.4 ml of 0.02 M Tris-HCl b u f f e r , pH 8.5, with 0.125 mmol of L-leuc-
i nami de 
specif ic a c t i v i t y a c t i v i t y 
pmol/min/mg % 
Start ing material 70.9+3.5 100 
Carboxymethylated zinc-zinc enzyme 66.0+3.0 93 
Metal-free apoenzyme 0 0 
Zinc-zinc enzyme reconstituted from apoenzyme 39.8 ±3.0 56 
Readdition of zinc ions to carboxymethylated




Our results indicate that in native leucine aminopeptidase a l l seven cysteines 
in each subunit are in the sulfhydryl form. The elucidat ion of the primary 
structure revealed the presence of seven half-cystines and the determination 
of the specif ic a c t i v i t i e s of the enzyme a f t e r denaturation, reduction, and 
a lky la t ion showed that a l l cysteines are in the sulfhydryl form. A value of 
6.3 sulfhydryl groups/subum't found by the reaction of the enzyme with iodo-
acetamide af ter extensive denaturation1 might have been caused by incomplete 
blocking of the sulfhydryl groups. Since other authors1»6 could not discrim­
inate among the r e a c t i v i t i e s of the individual sulfhydryl groups, the con­
clusion that one d i s u l f i d e bridge is present in the native enzyme may be 
doubted. 
In the Ζη 2 + -Ζη 2 + enzyme, one cysteine (residue 344) has a high r e a c t i v i t y 
toward iodoacetate, and two cysteines (residue 412 and 429) have a r e a c t i v i t y 
of only approximately 1% of that determined for cysteine 344 (Table I ) . From 
our results in combination with those of Carpenter and Vahl 1 , we conclude that 
cysteine-344 in the native enzyme was almost completely modified by iodo­
acetate. The value of 1.18 sulfhydryl groups/subunit1 may resul t from the com­
plete blocking of cysteine-344 and p a r t i a l (less than 10%) blocking of cys­
teines 412 and 429. In the case of the Zn2 +-Mn2 + enzyme, approximately the 
same results were obtained for the r e a c t i v i t y of the cysteine residues toward 
iodoacetate. Only cysteine-344 was found to be reactive. 
In the Zn2 +-Mg2 + and the Co2 +-Co2 + enzyme, other cysteine residues become 
reactive toward iodoacetate. Frohne and Hanson10 determined a value of 6.7 
reactive sulfhydryl groups/molecule at pH 8.6 in the Zn2","-Zn2+ enzyme, and 
9.4 reactive sul fhydryl groups in the Zn2 +-Mg2 + enzyme. The increased reac­
t i v i t y of cysteine 412 could explain th is higher value in the Zn2 +-Mg2 + en­
zyme. In the Co2 +-Co2 + enzyme, cysteine-412 was the most reactive sulfhydryl 
group, and cysteine-344 showed only \b% of the r e a c t i v i t y determined f o r res­
idue 412. 
In the metal-free apoenzyme, even more sulfhydryl groups become react ive. 
Frohne and Kettmann6 found a value of 24/molecule in the apoenzyme. From 
Table I , i t may be concluded that th is r e a c t i v i t y can be a t t r i b u t e d to cys­
teine residues 412, 344, 429, and 303, in order of decreasing r e a c t i v i t y . 
When the apoenzyme was treated with ß-mercaptoethanol, a procedure used for 
react ivat ion of the apoenzyme with Zn2+ ions, there was an addit ional enhance-
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ment of the reactivity of cysteine residues 281, 303, and 429. In all label-
ing experiments with native leucine aminopeptidase, cysteine residues 97 and 
113 remained completely unreactive toward iodoacetate. 
Blocking of cysteine-344 with iodoacetate in Zn2+-Zn2+ leucine aminopep-
tidase resulted only in a minor change of the enzyme activity. This thiol 
group is therefore not directly involved in enzymic activity. Hence, native 
leucine aminopeptidase cannot be classified as a 'classical' sulfhydryl en-
zyme, in which reactive sulfhydryl groups are closely linked with enzymatic 
activity. It is possible, however, that cysteine-344 is involved in an es-
sential intermediate step of the activation9. It should be realized that chem-
ical modification of proteins, involving change of charge at reactive groups, 
sometimes leads to dissociation or aggregation, which in turn can affect the 
enzyme activity and can bring about further modification reactions16. Modif-
ications with iodoacetamide might be helpful in evaluation of the role of 
charge in the alkylating group. However, in the case of leucine aminopeptid-
ase, it is very difficult to separate the labeled peptides when [3H] iodo-
acetamide is used as alkylating agent. 
Among the Zn 2 + metalloenzymes, for which the tertiary structures have been 
determined (carbonic anhydrase, carboxypeptidase, thermolysin, superoxide dis-
mutase and alcohol dehydrogenase), only alcohol dehydrogenase has zinc ions 
liganded to cysteinyl sulfur. Horse liver alcohol dehydrogenase contains two 
firmly bound zinc ions: a catalytic zinc ion, which is liganded to two sulfur 
atoms in cysteine residues, and a second zinc ion liganded to sulfur atoms 
from four cysteines17. In leucine aminopeptidase, the Zn2+ ions may also be 
liganded to cysteinyl sulfur. It is possible that cysteine-412 becomes reac-
tive toward iodoacetate in the Zn2+-Mg2+ enzyme as a result of the occupation 
of the activation site by magnesium, which makes the coordination ofcysteine-
412 and Zn 2 + impossible. It is known that Mg2+ binds so weakly to sulfhydryl 
groups that they do not form chelation complexes18. Another explanation could 
be that activation with magnesium ions brings about a change of conformation, 
resulting in the exposure of cysteine-412. On the other hand, Mn 2 + does form 
complexes with cysteine18, which might explain that in the Zn2+-Mn2+ enzyme 
cysteine-412 does not react with iodoacetate. 
The involvement of sulfhydryl groups in the liganding of Zn2+-ions in leuc-
ine aminopeptidase is also supported by the following observation. Blocking 
with iodoacetate of the sulfhydryl groups in the apoenzyme, followed by in-
cubation with Zn 2 + ions, does not restore the enzymatic activity. A possible 
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explanation is that Zn2+ can no longer be bound to the blocked enzyme. If 
Zn 2 + forms chelation complexes with cysteines, it is likely that cysteine-
412 is involved in this ligand formation, but coordination with other cys-
teines is also possible. Elucidation of the tertiary structure of leucine 
aminopeptidase will provide the final answer to these questions. 
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The enzyme leucine aminopeptidase catalyzes the N-terminal release of amino 
acid residues from peptides and proteins. The enzyme has its highest activity 
toward hydrophobic residues. Leucine aminopeptidase has a molecular weight 
of 326,000 and consists of six identical subunits with an apparent molecular 
weight of 54,000. It belongs to the class of aminopeptidases, which arewide-
ly distributed in plants, microorganisms and animal tissues. No primary struc­
ture of a member of this class of enzymes had hitherto been published. We, 
therefore, have elucidated, in collaboration with Dr L. van Loon-Klaassen, 
the primary structure of leucine aminopeptidase from bovine eye lens. 
A short literature survey of the data on leucine aminopeptidase from bovine 
lens and hog kidney is presented in Chapter I. The properties of some other 
mammalian aminopeptidases, especially those which are membrane-bound, are al­
so described. In connection with some recent views on intracellular breakdown 
of proteins in mammalian cells, the possible role of leucine aminopeptidase 
in this system is discussed. Finally, data concerning the proteolysis in 
bovine lens are surveyed, and a speculation is made about the functions of 
aminopeptidases in the lens, especially for leucine aminopeptidase, which re­
presents the major part of the activity and is present in abundance. 
Chapter II describes the strategy and the results of the sequence analysis 
of the subum't of leucine aminopeptidase. The complete primary structure has 
been established by: 
1. cleavage with cyanogen bromide at the methionine residues, yielding 13 frag­
ments, of which 11 could partially or completely be purified and sequenced 
2. splitting of the only Asn-Gly bond by hydroxy!ami ne and purification of the 
C-terminal fragment and subsequent determination of the sequence of this 
part of the polypeptide chain 
3. purification and sequence ascertainment of a large fragment obtained by di­
gestion with Staphyloaocciu сшлеил protease 
4. tryptic digestion of the S-alkylated polypeptide chain or the citraconyl-
ated S-alkylated chain yielded overlapping peptides. The sequence of these 
peptides was determined and allowed the arrangement of all fragments in the 
correct order. 
The proposed amino acid sequence of bovine lens leucine aminopeptidase is 
presented in Fig. 4, page 32-33. The polypeptide chainof leucineaminopeptidase 
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comprises 478 residues, corresponding to a molecular weight of 51,691. These 
results represent the first complete primary structure determination of amem-
ber of the class of aminopeptidases. No significant sequence homology with any 
other published protein primary structure could be detected, which places 
leucine aminopeptidase in a separate protein superfamily. 
In Chapter III the exposure of the sulfhydryl groups of leucine aminopep-
tidase, as determined by the reactivity toward iodoacetate, is described for 
the Zn2+ metalloenzyme and the enzyme activated by Mg2+, Mn2+, and Co2+. The 
reactivity of the sulfhydryl groups has also been determined in the presence 
of denaturing agents, with or without reducing conditions. It appeared that 
all seven half-cystines per leucine aminopeptidase subunit are in the sulf-
hydryl form. In the native (Zn2+-Zn2+) and the Zn2+-Mn2+ enzyme, only one of 
the cysteines (residue 344) reacts readily with iodoacetate. In the Zn2+-Mg2+ 
enzyme two cysteines react (residues 344 and 412), and in the Co2+-incubated 
enzyme (Co2+-Co2+) only one (residue 412). The metal-free apoenzyme has at 
least three reactive cysteines (residues 344, 412 and 429). While incubation 
of the unblocked apoenzyme with Zn2+ ions results in restoration of enzymatic 
activity, no such recovery of enzymatic activity is obtained after blocking 
with iodoacetate of the sulfhydryl groups in the apoenzyme. We conclude from 
these results that if Zn2+ forms chelation complexes with cysteines, it is 
likely that cysteine-412 is involved in the ligand formation, but coordinat-
ion with other cysteines is also possible. 
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SAMEWATTING 
Het enzym leucine aminopeptidase katalyseert de afsplitsing van N-eindstan-
dige aminozuren van peptiden en eiwitten. Hydrofobe aminozuren worden met de 
grootste snelheid afgesplitst. Leucine aminopeptidase heeft een molecuulge­
wicht van 326.000 en is samengesteld uit zes gelijkvormige subeenheden met 
een molecuul gewicht van 54.000. De aminopeptidasen spelen een rol bij de in­
tracellulaire afbraak van eiwitten. Tot nu toe was van geen van de aminopep-
tidasen een aminozuurvolgorde bepaald. Ons onderzoek was gericht op de ophel­
dering van de aminozuurvolgorde van runderooglens leucine aminopeptidase. 
Dit onderzoek is uitgevoerd in samenwerking met Dr L. van Loon-Klaassen. 
De literatuurgegevens over leucine aminopeptidase uit de runderooglens en het 
nauw verwante enzym uit het cytosol van de varkensnier zijn samengevat in 
Hoofdstuk I. Ook worden de eigenschappen beschreven van enkele andere zoog-
dier-aminopeptidasen die membraangebonden zijn. De functies die leucine ami­
nopeptidase mogelijkerwijs heeft bij de afbraak van eiwitten binnen zoogdier­
cellen worden besproken in samenhang met recente inzichten over deze mecha­
nismen. Tot slot worden de gegevens over de eiwitafbraak in de ooglens samen­
gevat en wordt bekeken, welke functies aminopeptidasen hierbij zouden kunnen 
hebben - in het bijzonder het leucine aminopeptidase - dat in grote hoeveel­
heid voorkomt en de hoogste aktiviteit heeft. 
De methoden van onderzoek en de resultaten van de aminozuurvolgordebepa-
ling van de subeenheid van leucine aminopeptidase worden beschreven in Hoofd­
stuk II. De bepaling van de volledige volgorde kan als volgt worden samengevat: 
1. de polypeptideketen is met cyanogeenbromide gesplitst naast de methionines 
wat 13 fragmenten oplevert. Elf cyanogeenbromidefragmenten zijn gedeelte­
lijk of volledig gezuiverd en de aminozuurvolgordes van deze fragmenten zijn 
bepaald 
2. de enige Asn-Gly-binding is verbroken met behulp van hydroxylamine en het 
C-eindstandige fragment dat hieruit resulteert, is opgezuiverd en de volg­
orde ervan bepaald 
3. een groot fragment van de polypeptideketen is verkregen na di ges ti e met— 
Staphylococcui аилеш, protease. De volgorde van dit fragment is vastge­
steld 
4. behandeling met trypsine van de S-gealkyleerde polypeptideketen, zowel met 
als zonder blokkering van lysineresiduen door citraconylering, levert pep-
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tiden op die de overlap tussen de verkregen deelvolgordes op de juiste wijze 
vastlegt. De volgordes van deze peptiden zijn bepaald. 
De voorgestelde aminozuurvolgorde van het runderooglens-leucine aminopep-
tidase is in Fig. 4, pag. 33, weergegeven. De volledige polypeptideketen van 
leucine aminopeptidase omvat 478 residuen, wat overeenkomt met een molecuul-
gewicht van 51.691. Dit is de eerste volledige aminozuurvolgorde-bepaling van 
een enzym uit de klasse van de aminopeptidasen. De volgorde vertoont geen ho-
mologie van enige betekenis met andere gepubliceerde eiwitvolgordes. Leucine 
aminopeptidase moet op grond hiervan in een aparte eiwit-superfamilie ge-
plaatst worden. 
In Hoofdstuk III wordt de bereikbaarheid van de sul fhydrylgroepen van leu-
cine aminopeptidase beschreven in het zink-metaalenzym en in het enzym, ge-
aktiveerd met Mg 2 +, Mn 2 + en Co2"1". Hiertoe werd de reaktiviteit ten opzichte 
van joodacetaat bepaald. De reaktiviteit van de sulfhydrylgroepen is ook in 
aanwezigheid van denaturerende reagentia bepaald, met en zonder een reduce-
rend agens. Geconcludeerd kan worden dat alle zeven half-cystines die voorko-
men in de leucine aminopeptidase-subeenheid, in de sulfhydrylvorm zijn. In 
het natieve (Zn2+-Zn2+) en het Zn2+-Mn2+ enzym reageert slechts één van de 
cysteines (positie 344) met joodacetaat. In het Zn2+-Mg2+ enzym reageren twee 
cysteTnes (posities 344 en 412) en in het met Co 2 + geïncubeerde enzym (Co2+-
Co2+) slechts één (positie 412). Het apoenzym dat geen metaal-ion bevat, 
heeft ten minste drie reaktieve cysteTnes (posities 344, 412 en 429). Wanneer 
de sulfhydrylgroepen in het apoenzym met joodacetaat geblokkeerd worden, en 
vervolgens het geblokkeerde apoenzym met Zn2+ gefncubeerd wordt, vindt geen 
herstel van de enzym-aktiviteit plaats. Een dergelijk herstel vindt wél plaats 
door incubatie met Zn 2 + van het niet gemodificeerde apoenzym. Uit deze resul-
taten kan geconcludeerd worden dat cysteìne-412 waarschijnlijk betrokken is 
bij de vorming van Zn2+ chelaat complexen, maar coördinatie met andere cys-
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